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Abstract
A direct measurement of wave absorption in the ISX-B tokamak at the sec-
ond harmonic of the electron cyclotron frequency is reported. Measurements of
the absorption of a wave polarized in the extraordinary mode and propagating
perpendicular to the toroidal magnetic field are in agreement with the absorption
predicted by the linearized Vlasov equation for a thermal plasma. Agreement
is found both for an analytic approximation to the wave absorption and for a
numerical simulation of ray propagation in toroidal geometry.
Observations are also reported on a non-linear, three-wave interaction pro-
cess occurring during high power electron cyclotron resonance heating in the Ver-
sator I1 tokamak. The measured spectra and the threshold power are consistent
with a model in which the incident power in the extraordinary mode of polariza-
tion decays at the upper hybrid resonance layer into a lower hybrid wave and an
electron Bernstein wave.
Finally, measurements of non-thermal emission at the second harmonic of
the electron cyclotron frequency and below the electron plasma frequency are re-
ported from low density, non-Maxwellian plasma in the Versator II tokamak. The
emission spectra are in agreement with a model in which waves are driven unsta-
ble the anomalous Doppler resonance while only weakly damped at the Ierenkov
resonance.
Thesis Supervisor: Dr. George Bekefi
Title: Professor of Physics
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Chapter 1
Introduction
Experimental studies of physical phenomena occurring in magnetically con-
fined toroidal plasma and in the electron cyclotron frequency range are to be
described. For example, plasma heating with a high power microwave source in
the electron cyclotron frequency range is one method of attaining the temperatures
required for controlled thermonuclear fusion of toroidal plasma. Conversely, mea-
surements of the electron cyclotron emission intensity can serve as a diagnostic,
or measure, of the plasma properties.
1.1 Introduction and Outline
For a plasma near local thermodynamic equilibrium, the ion and electron
distribution functions approach a Maxwellian distribution of velocities. Linear
phenomena occurring in such a thermal plasma are described in Chapter 2. In
the small signal limit, the linear response of the plasma to an oscillation at a
single frequency and wavevector can be studied. An experiment performed on
the ISX-B tokamak is described in which a small amplitude wave in the extraor-
dinary mode of polarization is propagated perpendicular to the toroidal magnetic
field and through the second harmonict electron cyclotron resonance layer. The
absorption at the second harmonic resonance is determined by a measure of the
transmitted wave intensity. The values of the optical depth derived from the ab-
sorption measurements are to be compared with both the analytic approximation
to the absorption, and with the optical depth computed by a numerical model of
ray propagation in toroidal geometry. The analytic approximation to the optical
t In this thesis, the cyclotron resonance is defined by w = nwc, and is denoted by the integer
n where w is the wave frequency and wc, is the electron cyclotron frequency. That is, w = Wee
denotes the first, or fundamental electron cyclotron resonance, and W = 2wee denotes the second
harmonic electron cyclotron resonance. The alternative notation whereby w = wC. is termed
the electron cyclotron resonance, w = 2wc, is termed the (first) electron cyclotron harmonic,
w = 3wee is termed the second electron cyclotron harmonic etc., is not used here.
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depth is derived from the wave equation of the non-relativistic linear theory by
retaining only the lowest order term in a finite Larmor radius expansion. The
numerical model uses an eikonal approximation to calculate the ray trajectories
at arbitrary angle to the magnetic field and includes a relativistically correct pre-
scription to compute the absorption to arbitrary order in the finite Larmor radius
expansion. The experimental measurements and the theoretical predictions of
the optical depth are found to be in agreement.
A theoretical study of the absorption by a non-thermal electron distribution
is also presented. Absorption by a non-Maxwellian distribution is modeled by
including in the numerical computations a second population of anisotropic elec-
trons. Here, the electron distribution is assumed to be composed of an isotropic
bulk distribution and a second, anisotropic, tail distribution. The number den-
sity of the tail is assumed to be much less than the number density of the bulk
electrons, while simultaneously the average energy of the anisotropic electrons is
assumed to be very large. This serves as a crude model of electron thermal
runaway; either of the electron velocity along the magnetic field as driven by
an applied steady-state electric field, or thermal runaway of the electron velocity
perpendicular to the magnetic field as might occur during high power electron cy-
clotron resonance heating. The numerical studies predict that the tail electrons
contribute negligibly to the total wave absorption at the second harmonic of the
electron cyclotron frequency when the wave energy absorbed by the isotropic bulk
electrons is initially large.
Measurements of the electron cyclotron emission from the thermal ISX-B
tokamak plasma are also described. The emission intensity in the extraordinary
mode of polarization at the second harmonic of the electron cyclotron frequency
is found to be at the blackbody level under conditions where the absorption of
a wave of the same frequency and polarization is predicted to be large. These
experimental measurements of thermal emission and absorption are found to be
in agreement with Kirchhoff's radiation law.
When the signal strength of an oscillation becomes large, non-linear phe-
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nomena can be observed in the plasma response. In particular, during electron
cyclotron resonance heating at high incident power levels, the large amplitude
electric field of the incident wave can drive non-linear parametric instabilities.
Studies of such non-linear phenomena are presented in Chapter 3. Observations
are reported of a parametric decay process occurring during high power electron
cyclotron resonance heating of the Versator II tokamak plasma at the fundamen-
tal electron cyclotron frequency. Radiation is detected from both decay products
of the non-linear, three-wave coupling process. A threshold incident power level
for the non-linear parametric process is observed. During the electron cyclotron
resonance heating and at an incident power below the threshold power level, the
non-linear processes are not observed. The observed decay wave spectra and the
measured threshold power level are consistent with a model in which the incident
power in the extraordinary mode of polarization decays into a lower hybrid wave
and an electron Bernstein mode. The wave coupling is taken to occur in a plasma
layer where the frequency of the incident wave equals approximately to the up-
per hybrid frequency. Theoretical estimates of the threshold incident power level
are shown to be in agreement with the experimentally observed threshold power
when both plasma spatial inhomogeneities and the electrostatic enhancement of
the incident electric field strength at the upper hybrid layer are included in the
theoretical model.
New phenomena can occur in a tokamak plasma when the electrons are
no longer in local thermodynamic equilibrium and the electron velocity space
distribution function is strongly non-Maxwellian. A non-Maxwellian distribution
can generate intense non-thermal electron cyclotron emission and may be subject
to microinstabilities (the Kadomtsev-Parail-Pogutse instability) in the frequency
range at and below the electron plasma frequency. Phenomena occurring in such
a non-thermal plasma are studied in Chapter 4.
In contrast to the absorption studies shown earlier, the contribution of the
anisotropic tail electrons to the emission intensity in the electron cyclotron fre-
quency range may be substantial; even when the fractional absorption by the tail
16
electrons of an incident wave of the same frequency and polarization can be ne-
glected. Measurements of the extraordinary mode polarized electron cyclotron
emission from low density Versator II tokamak plasma find that the emission in-
tensity near the second harmonic of the electron cyclotron frequency is far in
excess of the blackbody intensity at the bulk electron temperature. When the
fractional number density of the anisotropic tail electrons is on the order of a
few percent and when the spatial profile and average transverse energy of the tail
electrons is chosen to be consistent with independent measurements of the hard
X-ray bremsstrahlung emission spectra, then the theoretical estimates of the radi-
ation temperature are found to be in agreement with the experimentally measured
value.
For low density plasma in the Versator II tokamak, only moderate values of
the ohmically-driven electric field strength are sufficient to create and maintain
an anisotropy in the electron distribution function. The resultant anisotropic
distribution is found to be unstable to the Kadomtsev-Parail-Pogutse instability.
The theory and interpretation of microinstabilities and non-thermal emission oc-
curring in low density tokamak plasma has had a controversial history in the
literature. A review of the literature of instabilities, non-thermal emission, and
associated macroscopic phenomena occurring in low density tokamak plasma is
given in Chapter 4.
Spectral measurements are presented of -the emission measured by an electro-
static probe from low density Versator II tokamak plasma in the frequency range
below the electron plasma frequency. A steady state level emission is observed
on the probe signal throughout the spectral range studied. The radiation tem-
perature of this steady state emission is estimated to be on the order of the bulk
electron temperature at the plasma center. Intense bursts of emission are simul-
taneously observed as a rapid increase in the emission intensity to several orders
in magnitude above the steady state emission level. The measured frequency
spectrum of the intense bursts of emission is in reasonable agreement with the
wave growth predicted by the Kadomtsev-Parail-Pogutse instability model when
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the steady state emission is assumed to represent the initial wave amplitude, and
when plasma inhomogeneities are properly accounted for. The intense bursts
of emission thus represent unstable waves that are resonant with the anisotropic
electrons at both the 6erenkov resonance and the anomalous Doppler resonance,
simultaneously. Emission measurements are also reported during low power lower
hybrid wave injection into low density Versator II tokamak plasma. The observed,
shifted frequency spectra of the intense bursts of emission is consistent with a
Kadomtsev-Parail-Pogutse instability model that includes those changes to the
zero-order electron distribution induced by the incident lower hybrid wave power.
Finally, a host of observations of the Kadomtsev-Parail-Pogutse instability and
non-thermal electron cyclotron emission are presented during high power electron
cyclotron resonance heating and lower hybrid wave injection in the Versator II
tokamak.
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Chapter 2
Linear Phenomena
in the Electron Cyclotron Frequency Range
in a Thermal Plasma
Measurements are presented of linear absorption and thermal emission of ex-
traordinary mode polarized waves in a magnetized plasma at the second harmonic
of the electron cyclotron frequency. The values of the optical depth derived from
the absorption measurements are in agreement with both the analytic approxima-
tion and with the optical depth computed by a numerical model of ray propagation
in toroidal geometry. The emission and absorption measurements are found to
be in agreement with Kirchhoff's radiation law.
2.1 Introduction
Linear plasma theory describes the propagation and absorption of small-
signal oscillations at a single frequency w/27r and wavevector k. Large amplitude
waves can drive non-linear effects such as the coupling of three or more distinct
oscillations. Studies of non-linear phenomena are presented in Chapter 3.
Here, the linear theory of wave propagation and absorption is derived for
the case of a two-temperature Maxwellian, or thermal, plasma. The ordinary
and extraordinary wave polarizations are described in the limit of propagation
perpendicular to the direction of the steady-state magnetic field. The absorption
of these waves is calculated and the concept of the optical depth is introduced.
Strong absorption is predicted' 1 2 in a plasma layer where the wave frequency
is equal approximately to the electron cyclotron frequency for both the ordinary
mode polarized wave propagating perpendicular to the magnetic field and for waves
in the extraordinary mode polarized branch of the dispersion relation propagating
at a finite angle with respect to the magnetic field. In a plasma layer where
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the wave frequency is equal approximately to the second harmonic (twice) of the
electron cyclotron frequency, strong absorption is predicted for extraordinary mode
polarized waves propagating perpendicular to the magnetic field.
Electron cyclotron resonance heating of toroidal plasma has been reported on
the TM-3,1 3- ISX-B,15-16 WT-I,' 7 JFT-II,"- and T-10 20 2 3 tokamak devices
and on the JIPP T-1124-21 stellarator plasma. Electron cyclotron heating exper-
iments have also been conducted on the Versator 11,26-31 WT-II,32-33 FT-I, 34-3
TOSCA, 36 - 3 7 CLEO, 3 PDX, 39-41 and D-1114 2 - 4 3 tokamaks, and on the Heliotron
E,44-45 and Wendelstein VII-A46 stellarators; these results have been presented
at numerous technical conferences. Studies of electron cyclotron pre-ionization
and tokamak start-up have also been reported.4 7 54 In the above experiments,
the heating is often characterized 2 4 -21 in terms of an efficiency, or incremental
electron temperature increase per unit incident power per unit electron number
density [eV/kW/ (1013cm- 3 )]. By measuring the heating efficiency at several
values of the plasma parameters, a qualitative comparison with the predicted ab-
sorption is made. A quantitative comparison is difficult because, for example,
even when both the wave polarization and direction of propagation are well de-
fined by the launching antenna and when near-complete absorption of the wave
energy is predicted to occur in the first transit through the cyclotron resonance,
the incremental temperature increase is still not representative of the absorption
unless the energy loss processes, such as the phenomenological electron energy
confinement time, are constant throughout the heating pulse. In fact, the de-
pendence of the electron energy confinement time on the incident wave power
is itself22 - 2 3 ,5 5 -s an important area of study; particularly in that regime where
the wave energy is the dominant energy source for the plasma. Such a study of
the energy loss processes during electron cyclotron resonance heating can best be
accomplished when the mechanism of absorption of the incident wave energy is,
itself, well understood.
Accurate studies of the absorption are possible when a small amplitude wave
is propagated 7 -' through the cyclotron resonance layer and the transmitted wave
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intensity is measured directly. Experiments of this type on the PLT tokamak have
verified 5" the theoretical predictions for absorption at the fundamental electron
cyclotron resonance of ordinary mode polarized waves propagating perpendicular
to the magnetic field. The remainder of this chapter presents a direct measure of
the absorption at the second harmonic electron cyclotron resonance of extraordi-
nary mode polarized waves propagating perpendicular to the magnetic field.
2.2 The Non-Relativistic Linear Theory of Wave Propagation in
Plasma
Wave propagation in a magnetized plasma is governed by Maxwell's equa-
tions,
V- E = 47rp, (2.1)
V- B = 0, (2.2)
Vx E = ---- B , (2.3)ca8t
1 a 47r-
Vx B =- E + - J , (2.4)
and the Vlasov equation for each species,
a + -fa+ + -(xB a)-f=0 (2.5)
where a = ei is the specie index, q, is the charge, m, is the rest mass, and f, =
fa , -;, t) is the specie distribution function. Although Maxwell's equations are
relativistically correct, calculations of plasma wave theory are greatly simplified
if the non-relativistic form of the Vlasov equation, shown above, is used. The
system is solved by an expansion about a zero-order, equilibrium solution;
E = Eo + El +(2.6)
B = Bo + B + -- (2.7)
P = PO + P + - -- (2.8)
J = JO + J + -- (2.9)
f=foa + fl + , (2.10)
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where the first-order quantities are assumed small. The plasma is assumed to be
locally homogeneous and the zero-order current and electric field are neglected,
Eo = 0, Jo = 0. The zero-order distribution function follows as only a function
of the constants of the motion for a particle moving in a static, homogeneous
magnetic field foa = foct(vjI, vj). The zero-order Vlasov equation is written,
a
0. (2.11)
where the normalization,
J d3 fo (v, ) = 1 (2.12)
is adopted for the zero-order specie distribution function.
The wave equation describes the evolution of the fluctuating electric field
E (', t),
- I a 2 _- 47r a
x V x EI + - i=- _JI (2.13)
and is obtained from the first-order Maxwell's equations. The perturbed current
density is given by,
J r, t) = noqaf d3 fic(,t, (2.14)
where noa is the static, zero-order density and fi (7, J, t) is obtained from the
first-order Vlasov equation,
-fla + V - Vfla + q ( X Bo - -fl,
at MC
Ka- 1 1- -\
=E + xfoot (2.15)
When the system of equations, Eq. (2.13), Eq. (2.14), and Eq. (2.15), are linearized
by assuming the fluctuating quantities to vary as exp [i ( k - wt) where
w/27r is the oscillation frequency and k is the wavevector, then the fluctuating
amplitudes fia, Ei, B 1 , p1, and Ji, can be solved for. The first-order quantities
describe the phenomena of wave propagation, damping, or growth, and are driven
(see Eq. (2.15)] by the zero-order distribution function fo(v2, V1 ). The coupling of
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distinct modes w = w k of oscillation is a non-linear effect, second-order in the
expansion of Eq. (2.6) to Eq. (2.10) and is driven by the product of two first-order
fluctuations through the second-order Vlasov equation (not shown). Non-linear
effects are considered in Chapter 3.
2.2.1 The Non-Relativistic Linear Theory of Wave Propagation in
Plasma: The Dielectric Tensor and Dispersion Relation
The dielectric tensor K is defined by,
47ri-
K - E = E 1 + J 1 . (2.16)
In terms of the dielectric tensor, the linearized wave equation becomes,
kxkxE+ K -Ei = 0. (2.17)
For convenience, the wave equation is solved in an arbitrary, local coordinate
system with the i-axis chosen to lie parallel to the static, zero-order magnetic
field (Z -| Bo) and with the !-axis chosen so that the wavevector lies in the z-z
plane k= ki^+ k11 where the perpendicular (.I.) and parallel (11) subscripts refer
to the orientation with respect to the static, zero-order magnetic field. In this
geometry, the wave equation is written,
K.,, - N 2 Kz Kx,+ ZYN1y (El.
KY, Kyy - NI - N K E1 , = 0 (2.18)
Kaz + N-LN 1 Kzy Kzz - N 2 El.
where N 1  cki/w and N11  ck/j1 w are the perpendicular and parallel indices of
refraction, respectively. The matrix above [see Eq. (2.18)] is referred to as the
dispersion tensor G and the wave equation is written simply as,
G - E = 0. (2.19)
The dispersion relationship, obtained by setting the determinant to zero,
det [)] 0 (2.20)
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describes the allowed modes of oscillation w = w (i) in the plasma.
Recognizing the left-hand side of Eq. (2.15) as the total derivative, the fluc-
tuating specie distribution is given by,
ma t0i MOr ,TOO) dt'
x Ei (', r + - x B (',t'))] -foa(vi (2.21)
S(-, v'
where the integration is carried out over the un-perturbed orbits,
V (7, 7,t; t') = Vocos(fr + 4), (2.22)
V ( ,, t; t') = -visin(Ol, r + ), (2.23)
S rI,(-;, t; t') = V_, (2.24)
z' 7, ,t; t') = x + vjL[sin(flar + 4) - sin4], (2.25)
y (, ,t; t) = y + V-[cos(flar + 4) - cosOJ, (2.26)
zr (, , t;t') = z + v1r7, (2.27)
and where,
r =t' - t, (2.28)
_qBo
fl =k rn~c (2.29)
mac
The specie cyclotron frequency is defined as wea = 111,. After performing the
integration, the dielectric tensor follows as,
+00 +O0  +00
K = I + E E I 2vLdvLf0 dvjspecie = 0
JP a VJJPna J 2_( 1 1 QV a (230( k~~2 I ~ k VLJnJniPn. k-L Q )x - v1J.J' Pn. D~vJ|2 -i[1,vjv g JnJ' Q,, (2.30)
where,
= 2 a(2) + k j(V) 9A(2)
PW = 27r - , (2.31)(Wn" w -nfl,- kjjvj
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8fop _ nO2_ -f
Q22 p (v) 8(V2) C(VI)
Qn= wfL - n27r - k 1  ) 3 (2.32)
and where I is the unit tensor. Here, the argument of the ordinary Bessel
function of the first kind is Jn = Jf(kivI/0,,), and a derivative with respect to
the argument is denoted by the prime notation J'(x) = a [Jn()] /x. The specie
plasma frequency is defined by wpa = 47rnaq./M'.
In what follows, the zero-order specie distribution function is assumed to be
described by a two-temperature (T 11 # Ta1 ) Maxwellian distribution of velocities,
foc (V2 , V11) = 3/2 22 t  e -"_/ L'-J e~V"t/hVl2 (2.33)
70/ vth.- Vthckll
where Vthal = (2Ta±/m ) 1/ 2 is the specie thermal speed perpendicular to the
magnetic field, and Vtali = (2Til/m,)1/2 is the specie thermal speed parallel
to the magnetic field. When the two-temperature Maxwellian distribution is
substituted into Eq. (2.30), the elements of the dielectric tensor are found to be,
+00
Kz =+ ( )In(bc)e ' bU-n
+00 
2 
-
Ky 1: = 02 +[In(b) - I(ba)IIe
ak n=-oo
x > oZU..) + - 1 [1 + n.Zgn,)] , (2.35)
+002
X 0.[ + n.Z(na)] ( 20, )[~ ~(J )+](2.36)
+00 (j2a n2b
=y 1 + ' T[Inbc) + 2b.In(b.) -2boIn(b,)]eba
X kbacZ( .nc) + TL- I ) [1 + na.Z( no)]] (2.37)
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.1 ..--
KI~~z +00 t )2 [,b)J,6)e
a n=-oo_;
X SOa[l + gnaZ(na) 2- (2.38)
fGoVthaj +i
and,
+00 W2 
bKzz 1 + 2 E (W) In(ba)e-a
ot n=-oo
X oagna(l + naZ(na)] a +] , (2.39)W Tai }
where KYX = -Kxy, Kzx = K.., and K2, = -Ky.. Here the argument of the
modified Bessel function of the first kind In(ba) is b, = kI r2 where ra is the
specie Larmor radius,
2
rO Vtih* . (2.40)
ca 2w 2a
Finally, the argument of the plasma dispersion function Z( na) is given by,
na =w il,, (2.41)
This form of the dielectric tensor is also used in Chapter 4 where wave absorption
by and emission from a two-temperature (T 1l # Ta±) Maxwellian distribution is
examined.
Typically the Larmor radius is small and kI ra < 1. In the limit kr2a <
1, the Bessel functions are expanded,
Io(ba) e-b - b + b2 + .. O(b) , (2.42)
4 a
I,(b.,) e~ - = b" 2 + - - (bi) (2.43)
2 2
I2 (ba) e~-b = lb + .. 0 (b) , (2.44)8 ao
in the finite Larmor radius expansion. The plasma dispersion function is also
expanded asymptotically as,
1 3
Z(gna) =~ 1 + a + + --- ~ (2.45)
in the fluid limit na > 1. The cold plasma limit of the dispersion relation is
obtained by substituting the above expansions into the dielectric tensor elements,
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Eq. (2.34) to Eq. (2.39), and keeping only the lowest order terms which are in-
dependent of the temperature. When the substitution is performed, the cold
plasma dispersion relation [see Eq. (2.20)] follows as,
S- N 2 iD N-LN
det -iD S - N - N2 0 =0 (2.46)
N1 NI1  0 P - NI
where,
2
R =PQ 1(2.47)
+
2
L = 1 - f(2.48)
P = -(2.49)
and where S = (R + L)/2 and D = (R - L)/2 are the Stix5 9 parameters. The
cold plasma dispersion relation is used to calculate the path of energy flow in the
plasma and to determine the accessibility of the wave energy to the wave-particle
resonance. The absorption of the wave energy, which is functionally dependent on
the plasma temperature, must be calculated from the hot-plasma dielectric tensor
elements [see Eq. (2.34) to Eq. (2.39) where terms proportional to the temperature
are retained in the tensor elements]. In the electron cyclotron frequency range
w - wce and w >> w,: it is sufficient to ignore the ion response.
2.2.2 The Non-Relativistic Linear Theory of Wave Propagation in
Plasma: Ordinary and Extraordinary Mode Polarized Waves in
the Electron Cyclotron Frequency Range
In a toroidal plasma it is convenient to launch waves in the electron cyclotron
frequency range at near-perpendicular incidence k1l < k. In the limit of exact
perpendicular incidence (kj1 -+ 0) certain elements of the hot-plasma dielectric
tensor vanish identically,
lim K, 2 = lim K, = 0. (2.50)k11-0 . ki-0
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This can be -determined from careful inspection of Eq. (2.36) and Eq. (2.34),
respectively. In the limit of propagation near-perpendicular to the magnetic field,
the finite-temperature wave equation [see Eq. (2.18)] assumes the degenerate form,
K x Kxy 0 E1z
-K., Kyy - NI 0 El = 0 (2.51)
0 0 Kzz - N} E ,
where the dispersion relation,
Kz, - N = -0 (2.52)
describes the ordinary mode polarization (E 1 Iio ) and the vanishing determi-
nate,
det K K =0 (2.53)S-Kx Kyy - N-
describes the dispersion of the extraordinary mode polarization ( . Bo). Note
that in the limit k1l -+ 0,
lim [koZ(gaa)j -+ - (2.54)k11 -0 Oc
and,
izu [1 + naZ(Unt)] 0. (2.55)
Thus in the limit kl -+ 0 the dielectric tensor elements K., K,,, and K y are in-
dependent of T;11 [see Eq. (2.34), Eq. (2.35), and Eq. (2.37)). This is an important
property of extraordinary mode polarized waves propagating near-perpendicular
to the magnetic field. That is, absorption and emission of perpendicularly prop-
agating extraordinary mode polarized waves is functionally dependent only on
the average transverse electron energy (Te±), and is independent of the average
electron energy along the magnetic field (T,11). This property will be impor-
tant in understanding the non-thermal electron cyclotron emission measurements
described in Chapter 4.
In the cold plasma limit, near-perpendicular propagation (k1 < k±) of waves
in the electron cyclotron frequency range is described by the dispersion relations,
2
W2 (2.56)
and,
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N - (2.57)
w2 (2 W )
for the ordinary and extraordinary mode polarizations, respectively. Eq. (2.56)
and Eq. (2.57) are derived from the finite temperature dispersion relations
Eq. (2.52) and Eq. (2.53), respectively, in the cold plasma limit. Here, WR and
WL are the right-hand and left-hand cutoff frequencies, respectively, and WUH is
the upper hybrid frequency. These are defined as,
Wce 2 21/2
= ~+ 2 + We 2 , (2.58)
=L -Wce + [QLj-, ) 2 + W2] 1/2 (2.59)
+ 2 + , (.9
and,
WUH [2 + ]1/2. (2.60)
The different dispersion relations for the ordinary and extraordinary mode polar-
izations yield different conditions on the accessibility of the wave energy to the
electron cyclotron resonance or its harmonics. In an evanescent region, the wave
is cutoff (N2 < 0). For a tokamak, the magnetic field gradient scale length is
typically much larger than the cross-sectional dimension of the plasma and the
ratio wee/w is slowly varying. The density gradient scale length is on the order
of the cross-sectional dimension of the plasma and the value of the electron den-
sity, through the ratio wp,/w, will largely determine the location of the evanescent
regions and consequently whether the wave energy is accessible to the electron
cyclotron resonance.
The ordinary mode polarized wave propagates to a density limit defined by,
We < 2  (2.61)
[see Eq. (2.56)]. For the extraordinary mode polarization, it is convenient to
consider separately the case of wave propagation near the fundamental electron
cyclotron frequency w WeW where two evanescent regions can exist. In the
region where w < wR extraordinary mode polarized waves can propagate between
the upper hybrid resonance (W = wUH) and the left-hand cutoff,
WUH > W > WL - (2.62)
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Equivalently, near the fundamental electron cyclotron resonance w ~ wee near-
perpendicular propagation of extraordinary mode polarized waves occurs in a
density band defined when both,
e < w (w + wce(R)) (2.63)
and,
Wie > (w - we,(R)) (w + wc(R)) (2.64)
are satisfied simultaneously [see Eq. (2.57)]. For emphasis, the weak dependence
of the electron cyclotron frequency on the major radius coordinate W = Wce(R)
is shown explicitly. Eq. (2.63) gives the upper limit on the electron density for
propagation of extraordinary mode polarized waves near w ~ w,,. In the region
where w > wUH (and consequently w > wL) the extraordinary mode polarized
wave can propagate between the plasma edge and the right-hand cutoff w > WR
corresponding to an electron density defined by,
WP~ w(W Wce(R)) (2.65)
[see Eq. (2.57)]. Stated in a different fashion, near w = we the extraordinary
mode polarized wave is cutoff and cannot propagate in an evanescent layer be-
tween the upper hybrid resonance and the right-hand cutoff WUH < w < WR
corresponding to a plasma layer where the electron density satisfies,
(w + W"c)(W - we") > We > w (w - WCe) . (2.66)
Note that the above relation can never be satisfied, and hence such an evanescent
layer does not exist, in that portion of the plasma where w < we(R) called the
high-magnetic field side of the w = wee(R) resonance. Conversely, because of the
gradient in the electron density, Eq. (2.66) is always satisfied in the low-magnetic
field side region w > we,(R) over some plasma layer. Therefore, extraordinary
mode polarized waves launched from the low-magnetic field side of the vacuum
vessel will always encounter the evanescent region described by Eq. (2.66) before
the w = wce resonance is reached. Heating a tokamak with the extraordinary
mode polarized wave at the fundamental electron cyclotron frequency w = wCe(R)
is accomplished by launching the wave from the high-magnetic field side of the
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torus, equivalent to the inside of the vacuum vessel closest to the central core
transformer. Here, the wave energy is accessible to the w = wce resonance so
long as the left-hand cutoff [see Eq. (2.63)] is not encountered. Chapter 3 con-
tains observations of non-linear effects during high-power heating at W ~ We with
extraordinary mode polarized waves incident from the high-magnetic field side of
the torus.
For the case of extraordinary mode polarized wave propagation near the
electron cyclotron harmonics w ~ nWe, where n = 2,3,... only the right-hand
cutoff is experimentally meaningful. Here, the wave energy is accessible to the
right-hand cutoff w > WR and the upper limit on the electron density is given by
Eq. (2.65).
2.2.3 The Non-Relativistic Linear Theory of Wave Propagation in
Plasma: Absorption of the Wave Energy
The wave energy can be partially absorbed when the wave propagates
through a resonance layer where the wave frequency is an integer multiple of
the electron cyclotron frequency w = nw.c with n = 1,2,3,... . With first-order
wave quantities described by E ox exp [ k - r - wtj, the wave is absorbed
when the wavevector has a finite imaginary part kim. The total wave absorption
can be calculated by integrating the imaginary part of the wavevector across the
electron cyclotron resonance layer.
The dispersion relations for the ordinary and extraordinary modes in the cold
plasma limit [see Eq. (2.56) and Eq. (2.57), respectively] are smooth functions of
frequency at the cyclotron harmonics. Thus in an inhomogeneous plasma, cold
plasma theory predicts that ordinary and extraordinary mode polarized waves will
propagate through regions where w = nwce(R) without loss of energy. Only by
including the finite plasma temperature can linear absorption of wave energy by
the plasma particles be recovered.
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Consider the absorption at perpendicular incidence (kj1 = 0) of extraordi-
nary mode polarized waves at the second harmonic of the electron cyclotron fre-
quency w ~ 2we. The dispersion relation governing the extraordinary mode
polarization is given by [see Eq. (2.53)],
2K,,Kyy + K 2Nj = Kx (2.67)
where the coefficients are,
W2, 2
Kzz = 1 - 2 _2 (- be) - . 2wpe , (2.68)
W- ce W - (2wee)
= i(Wce W 2 (1 - 2be) + i P), 2 (2be), (2.69)KY W W - Uce W W2 - (2wce)
and,
2 2 2
KYY = 1- - (2be) - 2 2(1 - 3b,) - Wp r 2bI. (2.70)W W - e 2 - (2w, )
These coefficients are obtained from Eq. (2.34), Eq. (2.35), and Eq. (2.37), re-
spectively, in the limit kg1 -+ 0 and retaining those terms, first-order in the finite
Larmor radius expansion be < 1 [see Eq. (2.42) to Eq. (2.44)] that describe the
dispersion at the w = 2 wce resonance. Substituting the coefficients gives the
dispersion relation,
(1 a2) 2 _32 _ 2
N 2 -+ Pe
1- a2 
_ 2 UJ2 - (2w,,)
((-1 + 3#2) a4 + 2(1 - 2#2 )(1 2 ) 2 _ (1 _ #2)2 (2.71)
(1 - a2 _ #2)2
where a = wpe/w, # = wce/w, and terms of order O(b2) have been neglected.
The first term in Eq. (2.71) is identically the cold plasma limit and the effect of
the w = 2we resonance is seen as a perturbation to the cold plasma dispersion
relation.
When the wavevector has a finite imaginary part, the wave energy transmis-
sion coefficient T, expressed in terms of the optical depth r, is given by,
T = e' (2.72)
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where the optical depth,
r = 2 kim(x) dx (2.73)
is defined as an integral of the imaginary part of the wavevector kim (z) along the
path of energy flow through the resonant region. The fractional absorption of the
wave energy A follows as A = 1 - exp(-r). The imaginary part kim is found by
expanding the index of refraction in the limit kim < k,
NI= --_) + 2i (2.74)
where terms of order O(km) have been neglected. The imaginary part of the
wavevector is seen to arise as a perturbation of the cold plasma dispersion relation
at the w = 2wce resonance [see Eq. (2.71)].
To perform the integral [see Eq. (2.73)], the magnetic field is expanded in a
Taylor's series,
B(x) = B(x = 0) + x + - -= (2.75)
where x = 0 is taken to be the position of the w = 2wce(x) resonance. In the
vicinity of the resonance, 2wce(x) is approximated by 2wce(x) = w (1 + x/LB)
where LB is the magnetic field gradient scale length along the path of energy flow.
The magnetic field gradient scale length is defined by,
(L~' )- . (2.76)B tox LO*
Neglecting terms of order 0(x 2 /L2 ) the optical depth derived from Eq. (2.73),
Eq. (2.74), and the finite temperature term in Eq. (2.71), follows' as,
rr Im lim dx -b, wPe (3 -22 (2.77)I ln0 + _ 00  ck_1  c 2w 2 (x/LB + i) \3 - 4a2 J
where the integration is carried out in the complex plane and the substitution W =
2we can be used everywhere except in the resonant denominator. In Eq. (2.77)
the notation Im denotes the imaginary part.
Taking N 1 = ck±/w from the cold plasma terms in Eq. (2.71) and substitut-
ing be = k' r2, the optical depth for perpendicular propagation of extraordinary
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mode polarized waves at the- second harmonic of the electron cyclotron frequency
w ~ 2we, is found' to be,
w (Te 2 (3 - 2a 2 4 (1 C2) 2 _ 1/2S= 22r LBa- I2 . 2.78
c mec 2  3 - 4a 2  3 - 4 (2
in a tokamak where the magnetic field strength is, to a good approximation, in-
versely proportional to the major radius B oc 1/R, the magnetic field gradient scale
length is identically the major radius coordinate location of the w = nw,,(R) res-
onance layer. That is, in a tokamak geometry LB = R. Typically, the quantity
(w/c) LB can be quite large indicating potentially strong wave absorption.
An analogous procedure is used1 '4 '8- 10 to determine the optical depth for
the ordinary mode polarization at the second harmonic and for either polarization
at the fundamental electron cyclotron resonance (see also Ref. 6 and Ref. 7). For
comparison, the optical depth for ordinary mode polarized waves at w = 2 wce is,
= 22rLB- Te l ( T a 2(1 2)3/2. (2.79)
The optical depth for extraordinary mode polarized waves at the fundamental
resonance is,
r =L ( a2( 2 - a2)3/2, (2.80)
and for ordinary mode polarized waves at W = wee,
r = L-L (L- a21a21/2. (2.81)
At an arbitrary harmonic number n where w = nwce, an exact expression for the
optical depth r, of ordinary mode polarized waves propagating perpendicular to
the magnetic field in a plasma with arbitrary (non-relativistic) perpendicular and
parallel temperatures is found to be,
r, = n rBL ( JT ) a 2 (i - I2) nII(A)e- (2.82)
C MeC A
where,
A = n2 (T± 2 ) ( a2) (2.83)
mC2
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and where n 1,2,3,... is the harmonic number. At n = 2, Eq. (2.79) is de-
rived from Eq. (2.82) using the expansion of In(A) exp(-A) given in Eq. (2.44).
Similarly at n = 1, Eq. (2.81) is derived from Eq. (2.82) using the expan-
sion of In(A)exp(-A) given in Eq. (2.43). Note that in the asymptotic limit
I,(A) exp(-A) ~ I/2"7 for A -+ +oo (or equivalently for b -+ +oo). Thus as a
result of the Bessel function dependence, Eq. (2.82) predicts only weak absorption
in a very high temperature plasma; similar to the results of recent fully-relativistic
numerical computations60-61 of extraordinary mode polarized wave absorption.
Notice that for fixed harmonic number n where w = nw.c, Eq. (2.82) has a max-
imum as a function of TeL. For example at wp, 2 2 = 0.3 and w = 2wce, the
ordinary mode optical depth shown in Eq. (2.82) is maximized at TeL - 750 keV.
At electron temperatures larger than this value Eq. (2.82) predicts a decreasing
fractional wave absorption. Although Eq. (2.82) is derived in the non-relativistic
limit, it is interesting that the fully-relativistic behavior 6O- 6 1 is qualitatively re-
covered.
The largest optical depth is seen to occur for extraordinary mode polar-
ized waves at w = 2 we [see Eq. (2.78)] and for ordinary mode polarized waves
at w = Wce [see Eq. (2.81)]. However, owing to the smallness of the quantity
[Tel (mc 2 )], typically on the order of 0(1/500) in these experiments, the optical
depth is negligible (indicating negligible absorption) for the case of ordinary mode
polarized waves at w = 2 we [see Eq. (2.79)] and extraordinary mode polarized
waves at w = wUe [see Eq. (2.80)]. Similarly, the absorption is negligible at the
higher harmonics n = 3,4,... [see Eq. (2.82)] where the ratio of the optical depths
at adjacent harmonics in the same polarization is,
(0'+I ( T ) (2.84)
(r), \ mec 2
and where the subscripts n + 1 and n indicate the harmonic number (n > 2).
All of the above expressions for the optical depth are given in the limit of
exact perpendicular incidence (kII -+ 0). The optical depth for extraordinary
mode polarized waves at w = 2we shown in Eq. (2.78) and that for ordinary
mode polarized waves at w = wc, shown in Eq. (2.81) are insensitive to finite
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values of kil for near-perpendicular propagation. At finite kl the optical depth
for both the extraordinary mode polarization at the fundamental resonance 3,5, 8-9
and for the ordinary mode polarization at the second harmonic resonance 2 (neither
shown) are predicted to scale as r oc N [Te/(mec 2 )]; however this scaling has not
been verified experimentally. Tokamak plasma heating with extraordinary mode
polarized waves at w = wc, is, in any case, unattractive as a high magnetic field
side launch is required. For plasma heating at w = w., the wave energy in the
ordinary mode polarization is accessible to the fundamental electron cyclotron
resonance for electron densities which satisfy [see Eq. (2.61)],
Wpe < Wc2 (2.85)
whereas, when heating with the extraordinary mode polarization at the second
harmonic resonance w = 2w,, the wave energy is accessible to [see Eq. (2.66)],
2 e < 2w 2  (2.86)PC Ce
indicating that the extraordinary mode polarization at w = 2Wce is preferable for
heating high density plasma. In fact, for a given magnetic field strength, wave
energy in the extraordinary mode polarization near w = 2wc, is accessible to the
resonance layer at twice the electron number density as compared with heating
plasma at w = WC, using the ordinary mode polarization [compare Eq. (2.85) and
Eq. (2.86)].
Eq. (2.81), the optical depth for perpendicular propagation of ordinary mode
polarized waves at w = w, has been verified5" in experiments on the PLT toka-
mak. The absorption of extraordinary mode polarized waves at w = 2wce has
been studied5 7 in a cold (T~ 10eV) linear device. As subsequently described
Eq. (2.78), the optical depth for perpendicular propagation of extraordinary mode
polarized waves at w = 2w,,, is verified in an experimental study performed on a
hot (TeL - 1 keV) plasma in the ISX-B tokamak.
2.3 Measurement of Extraordinary Mode Polarized Wave Absorption
at the Second Electron Cyclotron Harmonic Resonance
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In the previous section, approximate expressions for the fractional absorption
of incident wave energy at the first and higher electron cyclotron harmonics were
presented for each of the ordinary and extraordinary mode polarized waves. It
was shown that at near-perpendicular incidence, a wave in the extraordinary mode
polarization and incident on the w = 2w,, resonance layer can be used to heat
plasma at a higher plasma number density yet with an absorption comparable to
the ordinary mode polarization at the w = wce resonance. Here, an experiment
is described in which the absorption at the second electron cyclotron harmonic
resonance layer is measured directly for a wave propagating perpendicular to the
magnetic field and polarized in the extraordinary mode.
The experiment is, in effect, an active diagnostic. A microwave source is
used to launch a small amplitude wave. After propagating through the plasma,
the absorption is determined from a measure of the transmitted wave intensity.
The wave energy density is very low and the measurement does not perturb the
plasma. The analytic approximation to the absorption given by Eq. (2.78) is
verified by the measurements. The measurements are also shown to be in general
agreement with the predictions of a numerical simulation of ray propagation in
toroidal geometry.
Based on this work, the expense required for a high power microwave source
to heat plasma at the w = 2 wce resonance is justified.
2.3.1 Measurement of Extraordinary Mode Polarized Wave Absorp-
tion at the Second Electron Cyclotron Harmonic Resonance: The
ISX-B Tokamak
The absorption measurement was performed on the ISX-B tokamak at the
Oak Ridge National Laboratory. The ISX-B tokamak has a nominal major radius
of Ro = 93 cm measured to the center of the vacuum vessel. Typically the plasma
is D-shaped with a nominal minor radius of a ~ 26cm. During the absorption
measurements, the tokamak was operated with: a line-averaged electron number
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density in the equatorial plane of 0.4 x 1013 cm-3  iT, < 2.0 x 1013 cm- 3 ; a
toroidal plasma current of 100 kA <_ Ip < 150 kA; a central electron temperature
of T, (p = 0) ~ 800 eV; a toroidal magnetic field (measured at R = 93 cm) in the
range of 8.5 kG < B < 13.3 kG; a limiter q in the range of 3.5 < q(p = a) < 5.5;
and Zeff ~ 2.5. A poloidal cross section of the ISX-B vacuum vessel is shown in
Fig. 2.1 along with the transmitting antenna and receiving antenna. The figure
is drawn to scale.
A microwave horn antenna and reflector located on the high magnetic field
side of the torus are used to launch a low-power wave polarized in the extraor-
dinary mode. The wave propagates approximately perpendicular to the toroidal
magnetic field and in the equatorial plane of the torus. The magnetic field is
chosen so as to place the w = 2we, resonance layer in the signal path between the
transmitting antenna and the receiving antenna (see Fig. 2.1). The wave can be
partially absorbed at the w = 2we, resonance layer. After propagating through
the plasma, the transmitted intensity is monitored by the receiving antenna lo-
cated opposite, on the low magnetic field side of the torus. Before discussing the
signal analysis and results, the transmitter and receiver are described.
2.3.2 Measurement of Extraordinary Mode Polarized Wave Absorp-
tion at the Second Electron Cyclotron Harmonic Resonance: The
Transmitter and Transmitting Antenna
A wave, polarized in the extraordinary mode, is coupled to the plasma by the
launching structure shown in Fig. 2.2. A backward wave oscillator (BWO) is used
to generate the microwave signal. The oscillator and its power supply are located
on a raised platform above the ISX-B vacuum vessel. The BWO is capable of
operating over the frequency range from approximately 70 GHz to 120 GHz. Near
75 GHz, the BWO output is approximately constant at an output power level
of -2mW. The output of the backward wave oscillator in W-band (WR-10)
waveguide is sampled by a 20dB directional coupler and measured by a detector.
During the extraordinary mode absorption study, the BWO output power level is
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A poloidal projection of the ISX-B vacuum vessel is shown and includes
the transmitting and receiving antenna used in the extraordinary mode
polarized wave absorption studies. The magnetic field is chosen so as
to place the w = 2we resonance layer in the signal path between the
transmitting antenna and the receiving antenna.
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routinely monitored and the oscillator power supply is adjusted, if necessary, to
maintain a constant output power level. Typically, after a 30 min warm-up period,
the BWO delivers a steady output power level, with no adjustments necessary.
A tapered waveguide transition connects the directional coupler to a long sec-
tion of Ka-band (WR-28) waveguide operating in the TEO, mode. The Ka-band
waveguide consists of an -2.5 meter horizontal section connected to an -3.5 meter
vertical section by a large radius bend. The TEO, mode near 75 GHz is not the
fundamental mode of the Ka-band waveguide. The large radius bend is included
to avoid spurious mode conversion. Additionally, mode conversion is avoided by
carefully aligning the Ka-band waveguide and rigidly fastening the waveguide at
short, regular intervals to a thick parallel aluminum structural support running
the length of the waveguide. Electrical insulators are used to fasten the Ka-band
waveguide to the aluminum support. The support is also fitted with an aluminum
cover, and both the support and its cover are electrically grounded for safety and
to act as a transient emf shield for the backward wave oscillator and its power
supply. The waveguide is also electrically isolated from the vacuum vessel. In
this configuration, no transients are observed on the BWO output during tokamak
operation.
A commercially procured pressure flange in Ka-band waveguide is used to
make the vacuum seal at the ISX-B vacuum vessel. The pressure flange consists of
a 0.002 in mica sheet across the Ka-band waveguide cross section and held in place
by low vapor pressure epoxy. The mica sheet is transparent to the microwave
radiation. The pressure flange is sealed at the vacuum vessel with an O-ring seal.
Insulating fasteners are used so that the pressure flange acts as both a vacuum
transition and an electrical break (see Fig. 2.2).
The transmitting antenna is located on the high magnetic field side of the
ISX-B vacuum vessel. The antenna itself is interior to the vacuum vessel approx-
imately 2 cm behind the vertical, high-magnetic field side limiter. The antenna
consists of a vertical section of Ka-band waveguide extending from the top of the
vacuum vessel nearly to the equatorial plane. The waveguide is terminated by
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Fig. 2.2: Shown is a schematic diagram of the transmitter, waveguide, and trans-
mitting antenna.
42
Backward
oscillator
WR-10
waveguide
Direction
28 coupler
guide
Detector
wave
al
Vacuum transition
and electrical
isolation
450reflector
ISX-B vacuum vessel
wvWR-
wave
'A1
rr-
a standard gain horn in Ka-band. Interior to the vacuum vessel, the waveguide
and horn are surrounded by a stainless steel tube (not shown in Fig. 2.2) which
acts to shield the waveguide and horn against plasma sputtering (see Fig. 2.1). In
the evacuated region, oxygen free high conductivity copper is used for the wave-
guide and non-magnetic stainless steel is used for the waveguide flanges. Exterior
to the vacuum, the waveguide is manufactured from coin silver to reduce ohmic
losses. The antenna is terminated by a polished stainless steel 45* reflector.
The vacuum vessel and transmitting antenna are shown drawn to scale in Fig. 2.1.
The waveguide, horn, and reflector are oriented to launch a wave perpendicular
to the toroidal magnetic field, in the equatorial plane of the torus, and with the
extraordinary mode polarization.
2.3.3 Measurement of Extraordinary Mode Polarized Wave Absorption
at the Second Electron Cyclotron Harmonic Resonance: The Re-
ceiver and Receiving Antenna
The transmitted wave is collected by a receiving antenna located on the
low magnetic field side of the torus directly opposite the transmitting antenna.
A section of waveguide connects the receiving antenna to a microwave receiver
as shown in Fig. 2.3. The receiving antenna consists of a standard gain horn
in E-band (WR-12) waveguide fastened securely behind a microwave-transparent
window which serves as a vacuum seal. The horn is oriented to receive the
extraordinary mode polarization. The microwave window is recessed into a port
in the equatorial plane of the torus, and consists of a piece of beryllium oxide
(BeO) ceramic brazed into a standard 4.5 in outside diameter high vacuum flange.
The dielectric constant of BeO differs substantially from the free space di-
electric constant and can cause a partial reflection at the vacuum window. This
insertion loss does not affect the absorption measurements presented in Section 2.3
but must be included in the calculation of the radiation temperature for the emis-
sion measurements of Section 2.4. The reflection can be calculated from the
dielectric constant of beryllium oxide E and the width of the ceramic. In prac-
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Fig. 2.3: Shown is a schematic diagram of the receiver, waveguide, and receiving
antenna.
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tice, the dielectric. constant will differ slightly from the nominal value of f , 6.8 Eo
for a pure BeO crystal because of defects introduced by the manufacturing process.
Here, Eo is the free space dielectric constant. Since the width of the window was
iteratively ground to minimize the reflectivity of an incident 35.0 GHz wave, the
dielectric constant e can be accurately calculated from the relation,
3 tI = ,A (c- (2.87)
where 1 = 0.199 in is the measured width of the BeO output window and A is the
free space wavelength of a wave of frequency 35.0 GHz. This gives f, = 6.46 o.
The reflectivity of the output window is modeled by a section of transmission
line of length 1, impedance ZI, and terminated by the free space impedance Zo,
as shown in Fig. 2.4. The fractional reflected power FBO is given by the square
of the (complex) voltage reflection coefficient,
PBeO V 1 2 (2.88)
Z + ZO
where, (Zo + iZ1 tan(#hl)Z = ZI O+itn#1 (2.89)
1 +iZotan(81l))
is the impedance at the input of the terminated transmission line (see Fig. 2.4).
The transmission line impedance is related to the dielectric constant by,
Z, = g1/2 (2.90)
01 )
ZO = A (2.91)
and,
#1 = W VIA- , (2.92)
where /to is the permittivity of free space and w/27r is the wave frequency. The
reflectivity PBeo is defined as the ratio of the wave power reflected at the beryllium
oxide vacuum window to the incident wave power. A fraction (1 - PBeO) of the
incident wave power is transmitted through the BeO window and coupled to the
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-receiving antenna. The fractional transmitted power (1 - F Beo), plotted as a
function of the signal frequency w/27r, is shown in Fig. 2.5.
The signal collected by the receiving antenna is passed to the microwave
receiver by a long section of waveguide operating in the TEO, mode. A 900 E-
plane bend in E-band waveguide immediately follows the receiving antenna and is
itself followed by a flared transition to X-band (WR-90) waveguide. The X-band
waveguide consists of an -3.5meter vertical section connected to an -2meter
horizontal section by a quasi-optical mitre bend. The TEO, mode near 75 GHz is
not the fundamental mode of the X-band waveguide. Spurious mode conversion
is minimized by rigidly fastening the carefully aligned X-band waveguide at regu-
lar intervals to a thick parallel aluminum structural support running the length of
the waveguide. The fasteners are electrical insulators and the aluminum support
is fitted with an aluminum cover to completely enclose the waveguide. The alu-
minum support and its cover are electrically grounded for safety and to act as a
transient emf shield for the microwave receiver. A tapered transition to V-band
(WR-15) waveguide completes the connection to the microwave receiver located
on a platform above the ISX-B vacuum vessel (see Fig. 2.4).
The receiver itself is diagrammed in Fig. 2.6 and Fig. 2.7. In Fig. 2.6
the microwave components are shown. The receiver divides the input power
equally among three separate local oscillators and mixers. The three local oscil-
lators are commercially procured, Gunn effect oscillators operating at frequencies
of 64.0 GHz, 69.0 GHz, and 75.0 GHz, respectively. As each local oscillator and
mixer combination acts as a separate sub-receiver, or system, the three output
signals from the receiver are conveniently designated by their respective local os-
cillator frequency. For example, the output signal from the electronics attached
to the 75.0 GHz local oscillator is hereafter designated the 75 GHz signal. An
attenuator at the receiver input is used to prevent excessively large signals from
damaging the receiver and to attenuate the background electron cyclotron emis-
sion level in the presence of other signals, such as the backward wave oscillator
output. During the extraordinary mode absorption measurements, this attenua-
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Shown are (a) the beryllium oxide (BeO) ceramic vacuum window of
length I and (b) the transmission line model used to calculate the win-
dow reflectivity. Here e and yA are the dielectric constant and permit-
tivity, respectively. The subscript o indicates a free space quantity
and the subscript i denotes that of BeO, respectively. In (b) the
BeO window is modeled as a section of transmission line of length I
and impedance Z, that is terminated by the free space impedance ZO.
The fractional reflected power of a wave incident on the BeO window
is determined by the net impedance Z at the input of the terminated
transmission line. In the figure, the length I is exaggerated for clarity.
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Shown is the fractional wave power transmitted through the beryllium
oxide (BeO) ceramic window plotted as a function of wave frequency
w/27r. The fractional transmitted power (1 - J'BeO) is defined as the
ratio of the wave power transmitted through the BeO window to the
incident wave power. The quantity rBeO is the reflectivity of the
beryllium oxide ceramic window.
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tor is set to a value of approximately 30 dB. During the emission measurements
of Section 2.4, the backward wave oscillator is not transmitting and the received
signal is not attenuated.
The single-ended mixers used in this receiver are usually not perfectly
matched to the waveguide and a partial reflection of the local oscillator signal
at the mixer is expected. A broadband isolator at the receiver input prevents
this reflected signal from being detected at a second mixer. Experimentally no
cross-coupled signals were observed between separate local oscillators and mixers,
which puts an upper limit on the cross-coupled signal of approximately -20 dB.
The Gunn diodes in the local oscillators are costly and can be damaged by
power supply transients. Such transients can be driven by faults that typically
occur in the high power sources supplying the toroidal field magnets, neutral beam
sources, klystron, or gyrotron tubes. Such transients are common in the tokamak
operating environment. Even if not rendered inoperable, damaged Gunn diodes
can degrade the performance of the receiver and require frequent adjustment and
calibration. Transient suppression is achieved by AC power line filters; one at the
AC power input to the receiver cabinet, and an additional filter for each of the local
oscillator power supplies. These latter filters have an attenuation which exceeds
50 dB for 10 kHz transients. Note that a single AC power line filter at the input
to the receiver cabinet is in general not sufficient to prevent voltage transients
at the Gunn diodes. The Gunn diodes are further protected by current limiting
and over-voltage protection circuits built into the Gunn oscillator power supplies
themselves. A diagram of the required modifications to the commercial power
supplies is shown in Fig. 2.8.
The local oscillator signals and received signals are combined at the mixer,
and the resultant signal is amplified and detected by the circuitry shown in Fig. 2.7.
The output of the mixer is amplified by a chain of two amplifiers and subsequently
detected. The frequency at which the amplification is maximum is designated
the IF or intermediate frequency. For the two mixers driven by the 64 GHz and
75 GHz local oscillators, the IF amplifier chain operates at a center frequency
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Shown is a detailed diagram of the waveguide components which com-
prise the microwave receiver. This receiver is used to study extraor-
dinary mode polarized wave absorption and emission from the ISX-B
tokamak plasma at the second harmonic of the electron cyclotron fre-
quency.
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Shown is a detailed diagram of the signal processing electronics in-
cluded in the microwave receiver. The mixers associated with the
64 GHz, 69 GHz and 75 GHz local oscillators are each attached to two
intermediate frequency (IF) amplifiers, a 0-99 dB step attenuator, and
a detector/video amplifier. The manufacturer and model number of
these components is tabulated. The first of the IF amplifiers is con-
nected directly to the mixer and contains a bias network that has been
added to the commercial amplifier at the signal input.
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Shown are the modifications made to the commercial Acopian power
supplies in order to achieve transient protection and suppression. The
power supply modifications (1) the Resistive Divider, (2) the Current
Sens, (3) the Fuse, and (4) the Zener Diode are individually adjusted
to match the attached Gunn diode. The power supply connected to
the Gunn diode of the 64 GHz local oscillator is modified similarly.
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of.25OMHz and a full width at the -3dB point of -100MHz. For the mixer
driven by the 69 GHz local oscillator, the IF amplifier chain operates at a center
frequency of 160MHz and a full width at the -3dB point of -30MHz. Each
of the individual amplifiers operates with a gain of approximately 33 dB at the IF
frequency. A variable attenuator, here designated the IF attenuator, with a 1 dB
step, is placed between the two amplifiers (see Fig. 2.7). The attenuation can be
set to any integer value between 0 dB and 99 dB. The IF attenuators are used
to alter the overall sensitivity of the system. For example, during a calibration
when the input signal is particularly weak, the IF attenuators are lowered by
approximately 10 dB. In effect, the sensitivity of the system is increased during
calibration. In summary, the signal incident on the detector corresponds to an
average, over a frequency interval given by the bandwidth of the IF amplifier
chain, of the incident signal at center frequencies of w = WLO ± WIF where wLO/27r
is the local oscillator frequency and wIF/27r is the IF frequency. The signal at
W = WLO + WIF is often called the image frequency. During the extraordinary
mode polarized wave absorption studies, signals are observed at the frequency
w = WLO - WIF- Since wip < WLO, each of the three receiver output signals
represents an average of the incident microwave signal over a (two) small frequency
interval(s) near the local oscillator frequency.
The detector converts the signal at the IF frequency into a voltage pro-
portional to the power in the input signal. Calibrations show that the detector
operates in the square-law regime, where the video output voltage is proportional
to the square of the incident electric field strength, over an ~30 dB range of in-
put signal intensity up to a maximum video output voltage approaching 10 V.
The detector also has a wide video bandwidth of approximately DC-2MHz and
a small output offset voltage. The IF amplifiers, attenuator, and detector chain
are typically set to operate in the square-law regime for input signals in the range
of approximately -90 dBm to -60 dBm. To avoid radio frequency interference
at the IF frequency, the first amplifier is connected directly to the mixer, while
the attenuator, second amplifier and detector are connected by 0.141 in diameter
semi-rigid coaxial cable.
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The video output is monitored by a CAMAC-based data acquisition system
at sample rates of either 1 kHz or 10kHz. To avoid aliasing of the signal by the
data acquisition system, the video output is first filtered by the 10kHz low pass
filter shown in Fig. 2.9. The filter has a 100 Ohm input impedance to match
the 100 Ohm output impedance of the video detector. The filter also divides the
output signal by a factor of 2 in order to match the DC-10V video output to
the DC-5 V range of the data acquisition system. The internal resistance of the
(non-ideal) inductors has been included in the filter design. The solid line in
Fig. 2.9(b) is the Bode approximation.
The first of each of the IF amplifiers contains a bias network at the amplifier
input designed to draw a constant current of approximately 1 mA through the
mixer diode. The bias circuit is shown in Fig. 2.10 and is added to the commer-
cially procured amplifier at the input stage. The conversion efficiency r7 defined
as,
power at the IF frequency
power in the incident microwave signal
is a sensitive function of the current through a mixer diode. Normally, a mixer
diode will self-bias at sufficiently high local oscillator power levels (1-3mW for
silicon diodes, > 10mW for gallium arsenide diodes). An external bias network
can extend the useful range of the mixer to very low local oscillator power levels.
Fig. 2.11 shows the conversion efficiency (in arbitrary units) plotted against the
75 GHz local oscillator power level for a constant incident signal level on the order
of O(-6OdBm). The filled circles show the conversion efficiency using the bias
circuitry of Fig. 2.10 operating normally, while the open circles show the conversion
efficiency when the -15V bias power supply is set to 0V (grounded) and the
mixer can only self-bias. It is evident from Fig. 2.11 that with the mixers biased
externally by the circuit of Fig. 2.10, the microwave receiver output is insensitive
to small changes in the local oscillator power level. When the local oscillator
power is sufficiently large so that the mixer is self-biased, or when the mixer is
biased externally, the conversion efficiency is typically -6 dB to -10 dB measured
in absolute units.
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Fig. 2.9: Shown is a diagram of (a) the 10kHz low pass filter on the receiver
video output and (b) a plot of the filter's transfer function V0,t/V
versus signal frequency w/27r. The solid line in (b) is the Bode ap-
proximation.
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input. The current I is typically 1 mA.
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Fig. 2.11: Shown is the conversion efficiency 17 of the mixer diode plotted (in
arbitrary units) against the incident local oscillator power PLo at a
local oscillator frequency of 75 GHz. The filled circles are the con-
version efficiency of an externally biased diode and the open circles
are the un-biased case. The incident power at the signal frequency
is held fixed at a power level on the order of 0(1 pW).
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In order to correctly interpret the emission measurements of Section 2.5,
the receiver must be absolutely calibrated in units of radiation temperature Tad.
The calibration quantifies the emission level of the plasma in units of the emis-
sion level of a blackbody source at temperature Trad. A plasma-filled waveguide
serves as a standard blackbody source, and calibration sources with radiation tem-
peratures on the order of 0(1eV) are commercially available in most waveguide
bands. Blackbody sources are often referred to as noise sources to emphasize the
broadband, random-phased nature of the emission.
Under some conditions, the tokamak plasma can radiate at the blackbody
level with a radiation temperature approximately equal to the electron tempera-
ture. In such a case, the electron temperature can be deduced through a measure
of the emission intensity from the tokamak plasma by an absolutely calibrated
receiver. Commercial blackbody sources are usually specified in terms of a noise
figure (NF)source in dB, defined in terms of the radiation temperature by,
(NF)source ' 10 l 10 ((Trad)source (2.94)
where To = 290'K is the reference temperature. Two separate sources are used
to calibrate the microwave receiver: a source in W-band (WR-10) with a noise
figure of 14.2 dB (T,,5,d 0.657 eV) and a source in V-band (WR-15) with a noise
figure of 16.9 dB (Tad = 1.224 eV). The calibration results with the two different
sources are generally in very good agreement.
The intensity I coupled to a waveguide by a calibration source emitting at
the level of a blackbody with temperature Trd is given by,
I = T,.d B (2.95)
where B is the bandwidth of the measuring instrument. In practice, B is usu-
ally determined by the bandwidth of the IF amplifier chain. The output of the
microwave receiver VOUT is then given by,
VOUT = Tr.d/3~1 (2.96)
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where /3 is a constant to be determined. The constant fl is a function of: the
attenuation of the wave power as the signal propagates from the blackbody source
to the mixer; the conversion efficiency of the mixer; the gain and, of course, the
bandwidth of the IF amplifier chain; the detector sensitivity; and the configuration
of the electronics attached to the receiver output. The attenuation of the wave
power as the signal propagates from the blackbody source to the mixer includes
contributions from such factors as: the partial reflection of the wave at the BeO
ceramic window; power dividers, or couplers, built into the receiver (see Fig. 2.6);
and ohmic losses in the waveguide walls. By placing the blackbody source as
close as possible to the position of the plasma under study, the constant # can
be derived from Eq. (2.96) through a measure of the receiver output voltage and
the known radiation temperature of the source, with most of the above factors
included implicitly.
During a calibration, the standard gain horn in E-band waveguide is re-
placed with either of the two noise sources in W-band or V-band and a tapered
transition appropriate to connect the disjoint waveguide types (see Fig. 2.3). The
calibration measurement must be corrected by the frequency-dependent reflectiv-
ity of the BeO ceramic window. This correction is necessary as the microwave
window is in the path of the emission from the tokamak plasma to the microwave
receiver but is excluded from the signal path between the blackbody source and
the receiver (see Fig. 2.3). Also, since the radiation temperature of the tokamak
plasma typically exceeds the radiation temperature of the blackbody source by
more than two orders of magnitude, it is convenient to change the setting of the
IF attenuator to make the receiver more sensitive during the calibration. The
calibration measurement must be further corrected by this factor. The radia-
tion temperature of the tokamak plasma emission can then be derived from the
microwave receiver output voltage VOUT by,
Tad =0 VOUT (2.97)
where 3 is the constant determined by calibration as,
(Tad)source (A F 1 (2.98)
(AVouT 1source \F - IBeO)
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Here (Trad)source is the radiation temperature of the blackbody source defined
by Eq. (2.94), (AVOUT)source is the incremental output voltage of the microwave
receiver with the blackbody source operating, AaLIF is the change in the IF atten-
uator setting during the calibration, and 1 BeO is the reflectivity of the beryllium
oxide ceramic window (see Fig. 2.5). In general, each of the three output channels
measuring emission near each of the frequencies 64 GHz, 69 GHz, and 75 GHz will
each have a different calibration constant.
An example of the calibration procedure is given in Fig. 2.12. The figure
shows an oscilloscope trace of the 75 GHz signal output during calibration. The
W-band blackbody source is modulated on and then off again at a 1 kHz rate
producing the square wave signal shown in the figure. The (Tad)source = 1.224 eV
blackbody source is seen to cause a (AVOUT)source = 27 mV increase in the output
level. In practice, the output voltage levels are measured by an accurate digital
meter. During this calibration, the IF attenuator in the 75GHz channel was
lowered to 21 dB from 32 dB, giving AaIF = 12.589. The reflectivity of the
BeO window at 75 GHz (see Fig. 2.5) is rBeO = 0.523 which yields the calibration
constant of # = 0.642 eV -mV -'. In practice, the CAMAC-based data acquisition
system cannot measure the output signal to arbitrary accuracy but only in fixed
intervals which, to emphasize the discrete nature of the data, are here referred to
as bits. The size of the discrete step is fixed at 1 bit = 2.442 mV. The calibration
constant then becomes 0 = 1.569 eV - bit- so that 1.569 eV is the smallest change
in the radiation temperature that the system, in this configuration, can resolve.
Note that this is not a fundamental limit of the system, else the response from the
1.224 eV blackbody source could not have been measured. Rather, this depends
on the particular system settings; changed, for instance, by altering the value of
the IF attenuator.
A more fundamental limit to the receiver performance can be derived from
the voltage level labeled in Fig. 2.12 as (VO UT)nos = 195mV. This signal level
represents noise power generated at the IF frequency internal to the first of the
IF amplifiers. Not shown in Fig. 2.12 is the output offset voltage of the detector,
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Fig. 2.12: Shown is the receiver video output signal from the 75GHz system
during calibration with the W-Band (WR-10) blackbody noise source.
The blackbody source is modulated on and then off again at a I kHz
rate. The blackbody source is observed to generate an incremental
increase in the receiver output voltage (AVOUT) source. The output
voltage labeled (VOUT)source is due to noise power generated by the
receiver itself.
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which is typically small ( < 10 mV) and here ignored. A noise temperature
inherent to the receiver Tnoie can be defined by,
Tnoise = [(VoUT)nois,1  1 (1 - Beo) (2.99)lnalF
[see Eq. (2.98)] and the receiver noise figure NF can be calculated from the defi-
nition,
NF 101og1 0 (o (2.100)
where To = 290*K. This expression for the noise figure can also be written as,
NF = (NF)source + 101og1 o (IYUT)noise). (2.101)
In general, each of the three output channels measuring emission near each of the
frequencies 64 GHz, 69 GHz, and 75GHz will each have a different noise figure.
Fig. 2.13 shows a calender history of the calibration factor 13 and the receiver
noise figure NF for each of the local oscillator frequencies 64 GHz, 69 GHz, and
75 GHz. Fluctuations in the radiation temperature which are very much smaller
than the receiver noise temperature cannot be measured with accuracy. Note
that in practice, the output offset voltage of the detector and the output voltage
due to noise power generated at the IF frequency internal to the the first of the IF
amplifiers are both subtracted from the receiver output signal before data analysis.
2.3.4 Measurement of Extraordinary Mode Polarized Wave Absorption
at the Second Electron Cyclotron Harmonic Resonance: The Ef-
fect of Refraction
In deriving the fractional absorption of the incident wave from a measure
of the signal propagated across the plasma column, it is important to account
for other factors that can cause a decrease in the received signal intensity. The
electron number density ne (r) and zero-order magnetic field Bo ( ) are both a
function of spatial location in the plasma. These enter into the index of refraction
for perpendicular propagation of extraordinary mode polarized waves,
(1 - We /w2) 2 - W 2  .2N2 - (2.102)
73W / 2 -
73
Fig. 2.13: Shown is a history of the receiver noise figure and calibration constant
for calender year 1983. The receiver noise figure NF is given for each
of the local oscillator frequencies (a) 64 GHz, (b) 69 GHz, and (c)
75 GHz. Similarly, the calibration constant 0 is given for each of the
local oscillator frequencies (d) 64 GHz, (e) 69GHz, and (f) 75GHz.
In (a) and (d) the 64 GHz local oscillator was replaced by a 58 GHz
oscillator during the periods June 15 to July 20 and December 7 to
December 17. In (c) and (f) the 75 GHz local oscillator was replaced
by a source of the same frequency on December 17.
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through the electron plasma frequency.wpe and electron cyclotron frequency wce,
respectively. Principally because of the Wpe dependence, interior to the plasma
N 1 can deviate significantly from unity. Such a spatially inhomogeneous medium
can lead to a refraction of the wave as it propagates in the plasma. The actual
calculation of the refracted ray trajectories are given in a later section. Here it is
sufficient to note that the consequent bending of the transmitted beam out of the
field of view of the receiving antenna has the same effect on the received signal as
the presence of an absorbing layer.
Refraction can be partially compensated for during the experiment by mak-
ing two measurements of the signal intensity. The received signal intensity
I,, here termed the 'Absorption Intensity', is measured at a magnetic field of
BO = 12 kG where the absorbent w = 2 we resonance layer is located in the
plasma at a major radius R ~ 83.3cm (see Fig. 2.1). Here BO is the magnetic
field strength evaluated at the center of the vacuum vessel BO = Bo(R = 93 cm).
A second measure of the received intensity I6, here termed the 'Baseline Intensity',
is also made but at a magnetic field BO ~ 8 kG where the w 2 wce resonance is
not present in the plasma. Note that the w = 3 we resonance is present in the
plasma volume at BO = 8 kG but is here neglected. The ratio of the optical depth
at the third electron cyclotron harmonic 7w=3L. to the optical depth at the second
harmonic T w=2w_. for a wave polarized in the extraordinary mode is on the order
of,
rW=3Lw, ( 
. (2.103)
TW=2w, mec2
Thus with Tei 1 keV, the absorption at w = 3 Wce is very small indeed and can
be ignored. This approximation is later verified by the numerical simulations.
The two intensities, I, and Ib, are measured at different values of the mag-
netic field but at similar values of the plasma shape, electron density, and den-
sity profile. In practice, only the currents in the external shaping coils, the
line-averaged electron density in the equatorial plane jie, and the safety factor
q(p = a), can be held constant during the measurements of I, and Ib. However,
the plasma shape and density profile do remain approximately constant during the
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measurements. The difference in the two intensities is attributed to absorption
at the w = 2 Lc resonance. The ratio la/lb then gives an approximate expression
to the fractional absorption of the incident wave at the second electron cyclotron
harmonic resonance layer, with the refraction due to the density profile implicitly
compensated for. Following Eq. (2.71), the measured optical depth rmea can be
defined by,
'a e-r, . (2.104)
Ib
However, other sources of signal loss need also be considered.
The refraction due to the different values of the magnetic field in the mea-
surements of I, and Ib, and refraction due to the (small) differences in the plasma
shape and density profile, must also be estimated. Here, the numerical model
is used to estimate the effect of refraction for each of the cases I, and b. The
calculated lateral spread of the antenna pattern after numerically propagating a
series of rays through the plasma is quantified in terms of a lateral spread ria
and rj associated with each of the measured intensities Ia and 1b, respectively.
The lateral spread is assumed to approximate a measure of the refraction. The
fractional absorption is corrected by the different refractions calculated for the
different cases. The received intensity is assumed to scale as,
I oc r7-2 (2.105)
and the experimental optical depth corrected for refraction Texp is defined by,
1 ji) eT_ '. (2.106)
In practice, the ratio ia/ib is close to unity, and Texp differs from Tmea by typically
less than 10%. Thus the assumption that the plasma shape, electron density, and
density profile dominate the refraction, is correct to a good approximation.
2.3.5 Measurement of Extraordinary Mode Polarized Wave Absorption
at the Second Electron Cyclotron Harmonic Resonance: Signal
Analysis
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To measure the intensities I, and. Ib only the 75GHz local oscillator is used
in the receiver. With the receiver operating at a fixed frequency, the transmitter
is repetitively swept over a small frequency interval about 75 GHz. Using this
procedure, small shifts of the transmitter frequency relative to that of the receiver
do not affect the intensity measurements.
An ISX-B tokamak discharge typical of those used in the extraordinary mode
absorption study is shown in Fig. 2.14. Shown are the time-histories of: the
toroidal magnetic field Bo at R = 93.0 cm, the line-averaged electron density in
the equatorial plane ie, the net toroidal current Ip, and the resistive component
of the single-turn loop voltage VL. The rapid fluctuations in the loop voltage
signal in the steady-state portion of the discharge are not physically meaningful,
but derive from the limits of the instrumental accuracy.
The received signal from the 75 GHz system during the plasma discharge of
Fig. 2.14 is shown in Fig. 2.15. The transmitter output is swept over a narrow
frequency interval near 75 GHz in approximately 17 msec. Each of the several
peaks observed in the received signal of Fig. 2.15 is the result of a single sweep
of the transmitter output frequency from -74.5 GHz to -75.0 GHz. The trans-
mitter is seen to perform approximately fifteen to twenty such sweeps during the
discharge. The magnitude of the transmitted signal increases after the termina-
tion of the discharge at a time t ~ 300 msec. Careful adjustment assures that
the plasma parameters in the latter 100 msec of the discharge are maintained at
approximately constant values. The Thomson diagnostic scattering laser is fired
at a time to = 225 msec after the start of the discharge and 4 sweeps of the
transmitter nearest this time are selected for analysis (see Fig. 2.15).
A single sweep from Fig. 2.15 is shown with an expanded time scale in
Fig. 2.16. For convenience, a frequency axis is also shown giving the trans-
mitter frequency WRF/27r as a function of time. In the narrow frequency in-
terval of 74.5GHz < WRF/27r < 75.0GHz the transmitter output power is held
approximately constant at the level of -2mW. The overall shape of the re-
ceived signal shown in Fig. 2.16 is determined principally by the gain of the IF
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Fig. 2.14: Shown are (a) the toroidal magnetic field BO evaluated at the major
radius R = 93 cm, (b) the central chord line averaged electron number
density in the equatorial plane lie, (c) the toroidal current Ip, and (d)
the resistive component of the loop voltage VL for an ISX-B tokamak
discharge typical of those used in the extraordinary mode polarized
wave absorption study.
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Fig. 2.15: Shown is the transmitted signal at 75 GHz (in arbitrary units) mea-
sured during the ISX-B tokamak discharge shown in the previous
figure. During the plasma discharge, the transmitter is repetitively
swept over the frequency interval from -74.5 GHz to -75.0 GHz in
approximately 17 msec. The magnitude of the transmitted signal in-
creases after the termination of the discharge at a time t ce 300 msec.
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amplifier chain. Here WRF(t) /27r is defined as the time-dependent transmit-
ter frequency, WLO/27r = 75.0 GHz is the receiver's local oscillator frequency,
and wIF/27r = 250 MHz is the center frequency (frequency of maximum am-
plification) of the IF amplifier chain. The peak received signal occurs at a
time t where WLO = WRF(t) + wIF or equivalently at a transmitter frequency of
WRF(t) = 74.75 GHz. Since the gain of the IF amplifier chain is negligible at zero
frequency, then at a time t' where wLO = wRF (t') the received signal is minimized.
Finally, because the sweep of the transmitter output frequency is limited in range,
the image frequency is not observed.
The rapid fluctuations in the received signal shown in Fig. 2.16 are the
result of standing waves in the system and fluctuations in the plasma itself. The
standing waves can form between the transmitting and receiving antenna horns
or arise by partial reflections from imperfections in the waveguide sections. The
fluctuations can lead to uncertainty in the received signal intensity. By averaging
over many fluctuations, such uncertainty can be minimized.
To obtain the received signal intensity, either I, or Ib, the transmitted signal
is averaged over an -100 MHz (At ~ 3 msec) interval centered about the time t
where WRF(t) = 74.75GHz (see Fig. 2.16). In this interval, the gain of the
intermediate frequency amplifier chain is maximized and approximately constant.
From this average, a background level is subtracted (approximately 8 units in
Fig. 2.16). The (small) background level arises from both an output offset voltage
of the receiver itself and from a level of electron cyclotron emission incident on the
receiver. Subtracting the background level from the average of the received signal
as described above, obtains the received signal intensity driven by the transmitter
only. Following this method, four such sweeps of the transmitter output frequency
are analyzed per tokamak discharge with, as shall be discussed later, upwards of
twenty such discharges required to completely characterize the plasma during a
single measure of either I, or Ib. Thus, upwards of eighty sweeps are analyzed and
an average and standard deviation of the received signal intensity are calculated.
The data analysis procedure, through which the experimental measurements
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Fig. 2.16: Shown is the transmitted signal at 75 GHz (in arbitrary units) plot-
ted on an expanded timescale. The transmitter frequency WRF/27r,
indicating the frequency of the incident wave, is drawn as the second
horizontal scale at the top of the figure.
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of the optical depth are to be compared to the theoretical calculations, is dia-
grammed schematically in Fig. 2.17. Besides those diagnostics shown in Fig. 2.14,
the magnetics diagnostic and Thomson scattering diagnostic were available during
the the studies of extraordinary mode absorption at w = 2Wce. The interferome-
ter (see Fig. 2.16) yields a time history of the line-averaged electron density Wi4(t),
along a chord in the direction of the major radius and in the equatorial plane.
The Thomson scattering diagnostic yields, at a single time to = 225 msec, the
perpendicular electron temperature Tei (R, t = to) and relative electron density
ae(R,t = to) as a function of the major radius in the equatorial plane (z = 0).
The actual electron density is obtained from the relative measure by normalizing
to the line-averaged value. That is,
ne(R, to) = a ne(R, to) (2.107)
where,
= fle(to)
a = (2.108)f dR'e(R,to(
In practice, the Thomson scattering diagnostic measures the perpendicular tem-
perature and relative electron density at only one value of the major radius co-
ordinate R during a single discharge. Measurements made during a sequence of
similar discharges yield the dependence of the temperature and density on the
major radius, Te I(R, to) and e(R, to). Typically, a sequence consists of approx-
imately twenty nearly identical ISX-B plasma discharges. During a sequence the
plasma properties are completely documented for a single measure of the received
signal intensity, either Ia or I. From approximately twenty ISX-B tokamak dis-
charges of the type shown in Fig. 2.14 and Fig. 2.15, approximately eighty such
sweeps of the transmitter output frequency (see Fig. 2.16) are available for analysis
and an accurate value of the received signal intensity, I, or Ib, and its standard
deviation can be determined.
The magnetics diagnostic yields the shape of the plasma flux surfaces. In
effect, the magnetics diagnostic yields a mapping 2 between the cylindrical, lab-
oratory coordinates R, z and the toroidal coordinates p, 0 where both coordinate
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Fig. 2.17: Shown is a block diagram of the data analysis procedure for the studies
of extraordinary mode polarized wave absorption at w = 2Wce
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systems are invariant to- arbitrary rotations in the azimuthal angle 0. The coor-
dinate transformation is diagrammed in Fig. 2.18. Here, p is a flux surface label
increasing from p = 0 on the magnetic axis, to the plasma minor radius p = a at
the outermost flux surface. Note that surfaces of constant density and temper-
ature are identically surfaces of constant p. The z = 0 plane is defined as the
equatorial plane of the ISX-B vacuum vessel.
The coordinate transformation is accomplished6 3 -6 4 with the Fourier series
expansions,
+00
R(p, 0) = RO(p) + E R"(p) cos(nO) , (2.109)
n=1
and,
+00
z(p,0 ) = z0(p) + Z:z"(p) sin(nO) . (2.110)
n=1
Typically the series is truncated at n = 2 as the magnetics diagnostic cannot
measure the terms with n > 3 with any accuracy. Even these few terms in the
Fourier series are generally sufficient to describe many plasma equilibria, including
those for strongly D-shaped plasma.13 -" Finally the amplitudes z"(p) are usually
written z'(p) = E(p) R"(p) for n > 1, and the coordinate transformation reduces
to,
R(p, G) = R(p) + R1 (p) cos0 + R(p) cos(26) , (2.111)
and,
z(p, 0) = zO(p) + E(p) R 1 (p) sin0 + E(p) R 2 (p) sin(20) . (2.112)
The magnetics diagnostic measures: the plasma major radius Ro R0 (p = a),
the plasma minor radius a = -RI(p = a), the horizontal shift of the plasma
column 6 m, the vertical offset of the plasma column 6- = z 0 (p = a) (rarely is
the plasma exactly centered vertically in the vacuum vessel), the ellipticity of the
outermost flux surface E1 _ E(p = a), and the triangularity of the outermost flux
surface A = R 2 (p = a). The amplitudes Rn and zn are bounded near p = 0 by
the requirement that the poloidal magnetic flux be analytic at the magnetic axis;
essentially that the flux surfaces be concentric -ellipses near p = 0. Formally this
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Fig. 2.18: A diagram is shown of the coordinate transformation between the
cylindrical laboratory coordinates R, z and the flux surface coordi-
nates p, 0. Both coordinate systems are invariant to arbitrary rota-
tions in the azimuthal angle #.
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is expressed8 - 64 as,
R'(p = 0) = Ro + bm, (2.113)
E(p = 0) = co, (2.114)
R 2 (p = 0) = 0, (2.115)
where co is a constant expressing the ellipticity of the plasma flux surfaces near
the magnetic axis and,
- RO(p) =0, (2.116)
- E(p) = 0, (2.117)
ap ],_O=
R2(p) =0. (2.118)
Thus the amplitudes R' and z' are assumed6 2 to have the following functional
forms:
R0 (p) = Ro + bm 1 (p)] (2.119)
R 1(p) = -p, (2.120)
R 2 (p) = (P) 2  (2.121)
Z (P) = 6,(2.122)
and,
E(p) = co + (ci - Eo) (p). (2.123)
The ellipticity near p = 0 is typically eo ~ 1.05. Such profiles are found" 6 4 to be
a good approximation to the exact solution of the Grad-Shafranov equation. Note
that the dependence of the amplitude on the plasma beta # = [neTe/(B 2/8'r)]
has been dropped from Eq. (2.119) through Eq. (2.123) since # is very small in
the discharges under study (typically (/) ~ 0.1%).
Returning to Fig. 2.17, the plasma shape determined by the magnetics di-
agnostic is used to fit the Thomson scattering data to temperature and density
profiles Te(p), ne(p) that are a function of only the flux surface label p. The
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measured electron temperatures and number densities are fitted by the method of
non-linear least squares to the profiles,
Tei(p) = Teo [ - (a + Teia (2.124)
and,
ne(p) = neo [ ( + nea (2.125)
where the central values Teio and neO, edge values Teia and nea, and exponents
p, q, r, and s, are the fitted parameters.
An example of the temperature and density profiles measured by the Thom-
son scattering diagnostic during a determination of the optical depth at a line-
averaged density of fie = (0.625±.003) x 101 3 cm- 3 is shown in Fig. 2.19, Fig. 2.20,
and Fig. 2.21. The perpendicular electron temperature profile Tj_(p) and elec-
tron number density profile ne(p) during the measurement of the absorption in-
tensity Ia, are shown in Fig. 2.19 and Fig. 2.20, respectively. With a toroidal
magnetic field of BO = 11.96kG where BO = BO(R = 93.0 cm), and with a safety
factor q(p = a) = 5.5, the measured intensity was 1a = 75.1 ± 5.0. The plasma
shape is determined from Eq. (2.111) and Eq. (2.112) using the measured val-
ues: RO = 92.72cm, a = 24.60cm, 6m = 2.33cm, 6, = 1.457cm, r: = 1.227,
and A = 0.061. The solid line in Fig. 2.19 is the electron temperature pro-
file fitted to Eq. (2.124) with Tj±o = (625 ± 67) eV, Teja = (83 ± 23) eV,
p = 2.18 ± 0.67, and q = 3.23 ± 1.54. The solid line in Fig. 2.20 is the electron
number density profile fitted to Eq. (2.125) with neo = (0.82 ± 0.14) x 10 13 cm 3,
nea = (0.26 ± .07) x 1013cm-3, r = 1.37 ± 0.79, and s = 1.13 ± 0.61. The
location of the w = 2wce resonance at R = 83.0cm is determined from the
measured magnetic field strength Bo(R). The electron temperature and elec-
tron number density at the w = 2 wce resonance (Te)w=2w. = (395 ± 133) eV
and (ne)w= 2w., = (0.75 ± 0.12) x 1013cm- 3 are determined from the fitted pro-
files. The analytic approximation to the optical depth rai = 0.83 ± 0.20 is
determined from Eq. (2.78) and the above values of R, (Te)w=2w,, (ne) =2w.,
and w/2wr = 75 GHz.
During the measurement of the background intensity at a toroidal magnetic
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Fig. 2.19: Shown is a typical electron temperature profile obtained by the Thom-
son scattering diagnostic during the measurement of the absorption
intensity I,. The perpendicular electron temperature Tei is shown
(a) as a function of the major radius coordinate R where Tei(R) is
measured in the equatorial plane (z = 0), and (b) as a function of the
flux surface label p where a is the plasma minor radius. The solid
line is fitted to the data by the method of non-linear least-squares.
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Fig. 2.20: Shown is a typical electron number density profile obtained by the
Thomson scattering diagnostic during the measurement of the ab-
sorption intensity 1,. The electron number density n, is shown. (a)
as a function of the major radius coordinate R where ne(R) is mea-
sured in the equatorial plane (z = 0), and (b) as a function of the flux
surface label p where a is the plasma minor radius. The solid line is
fitted to the data by the method of non-linear least-squares.
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Fig. 2.21: Shown is a typical electron number density profile obtained by the
Thomson scattering diagnostic during the measurement of the back-
ground intensity Ib. The electron number density ne is shown (a) as
a function of the major radius coordinate R where n,(R) is measured
in the equatorial plane (z = 0), and (b) as a function of the flux sur-
face label p where a is the plasma minor radius. The solid line is
fitted to the data by the method of non-linear least-squares.
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field BO = 8.45kG, where BO = BO(R = 93 cm), and a safety factor q(p = a) =
3.81, the measured intensity was Ib = 206 ± 17. The plasma shape is determined
from Eq. (2.111) and Eq. (2.112) using the experimental values: RO = 92.27cm,
a = 24.16cm, 6m = 2.78cm, b,. = 0.438cm, El = 1.230, and A = -0.017. The
electron number density profile n,(p) derived from the Thomson scattering diag-
nostic during the measurement of the background intensity lb is shown in Fig. 2.21.
The solid line in the figure is the electron density profile fitted to Eq. (2.125) using
n o = (0.79 ± 0.20) x 1013cm-3, n,, = (0.17 ± 0.08) x 1013 cm- 3 , r = 0.83 ± 0.87,
and s = 0.53 ± 0.32. The perpendicular electron temperature profile T, I(p)
during the measurement of the background intensity Ib is also measured by the
Thomson scattering diagnostic but is not shown here. The electron number den-
sity profile during the measurement of the background intensity Ib (see Fig. 2.21) is
seen to be similar to the density profile during the measurement of the absorption
intensity Ia (see Fig. 2.20) although in practice only the line-averaged density is
held constant during the two measurements. From the measurements of the two
intensities Ia and Ib, a value for the measured optical depth 7-,,, = 1.01 ± 0.11
is calculated from Eq. (2.104). Subsequently, the numerical simulation is used to
compute a lateral spread of the antenna pattern nh and 77b associated with each
of the measured intensities I, and I, respectively. The experimental optical
depth Tezp, including the (typically small) correction for refraction, can then be
calculated from Eq. (2.106). For comparison, the numerical model also yields-a
numerical computation of the optical depth rm In what follows, the numerical
model is briefly described.
The fitted electron temperature and electron number density profiles com-
pletely characterize the plasma for both measurements of the intensities I, and I.
This procedure is repeated for several values of the line-averaged electron number
density and yields a series of experimental measurements of the optical depth re,
for extraordinary mode polarized waves at w = 2wce.
2.3.6 Measurement of Extraordinary Mode Polarized Wave Absorption
at the Second Electron Cyclotron Harmonic Resonance: The Nu-
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merical Simulation
A description of the plasma which includes the plasma shape, electron tem-
perature, and electron number density profiles, is sufficient information to accu-
rately calculate the ray propagation and absorption numerically with the RAYS
numerical model1 5-6 7 in toroidal geometry (see Fig. 2.17). The propagation of
waves in an inhomogeneous medium is described by the theory of geometrical
optics. 6 8 - 7 3 The wave equations are expanded in the small parameter 6 < 1 where
6 is on the order of b ~ A/L, or 6 - 1/vLt. Here A is the wavelength, L. is any
characteristic scale length of variation of the plasma medium, v is the wave fre-
quency, and Lt is any characteristic time scale for changes in the plasma medium.
To zero order in 6, equations are obtained for the path of energy flow (ray trajec-
tory) and for changes in the wavevector k along the ray trajectory.
All of the first-order quantities such as [see Eq. (2.6) through Eq. (2.20)] the
wave electric field E1, the wave magnetic field B 1 , and the perturbed distribution
function fi, are assumed to vary as,
fl. oc A (,t) eis(r't) (2.126)
where A (r , t) is the amplitude and S ( , t) is the phase factor commonly called
the eikonal. The geometric optics approximation is formally defined by,
1dA l1ds
< . , a(2.127)
and,
iaA I1s
< . (2.128)A _t § at
Typically, these relations are well satisfied. The oscillation frequency and
wavenumber are then defined by,
as (2.129)
t
and,
kI VS. (2.130)
The waves are known to satisfy a generalized dispersion relation of the form,
D kw;rt =0 (2.131)
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derived from the Hermetian part of the dielectric tensor [see Eq. (2.20)1. The anti-
Hermetian part of the dielectric tensor is first order in the expansion parameter 6
and leads to absorption of the wave energy.
When the dispersion relation can be solved for w = w k ,t the ray
trajectories r (t) and k (t) follow as,
-_ r aw
g = = -= (2.132)
a k
and,
-
- (2.133)
where v. is the direction of the group velocity defined as the direction of energy
flow. In terms of the generalized dispersion relation D, the ray equations can be
written,
49r aD/a k
- a=/- k(2.134)
at aD/aw
and,
ak aD/a(
at aD/aw (2.135)
where a time-independent medium aD/at = 0 has been assumed. Eq. (2.134)
defines the group velocity and Eq. (2.135) is a form of Snell's Law. Alternatively,
Eq. (2.134) and Eq. (2.135) can be written in terms of the arc length s along the
ray trajectory as follows:
V =r, (2.136)
and,
ak akat- - (2.137)19S at
The calculation can be simplified when the generalized dispersion relation D is
written,
D =D(k,W, WP ) , ( r (2.138)
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where the specie index a = e, i denotes both electrons and ions. In this way,
the details of the spatial dependence of the electron number density n (7) and
Vn (r), and the spatial dependence of the the magnetic field strength B(T) and
VB(7) (entering though the plasma frequency wp, (r) and cyclotron frequency
W (), respectively) are separated 66- 7 from the plasma dispersion properties.
For example, the gradient can then be written,
aD & (01 2 D) +  
. (2.139)
a r Owe' P ac
To calculate the ray trajectories, the RAYS numerical simulation uses: the cold
plasma dielectric tensor, including the ion contribution; and the measured mag-
netic field strength, plasma shape, and electron number density profiles.
The coupled set of ordinary differential equations, Eq. (2.134) and
Eq. (2.135), are integrated numerically in Cartesian coordinates (x, y, z, k., ky, kz)
from an initial value of (X, y, z, kl, ky, k)O. The i-axis of the Cartesian system
is chosen identical to that of the cylindrical coordinate system of Fig. 2.18. In
this geometry, the major radius and toroidal angle are defined as:
R= (x2 + y2)1/2 , (2.140)
and,
cos '(IxI/R), if y > 0 and x < 0;
sin~ 1(y/R) , if y > 0 and x > 0;(2.141)
-- sin~1(|yJ/R) , if y < 0 and x > 0;(.4)
- cos-1 (|xj/R), elsewhere.
The initial value of the wavevector k is chosen to be a solution of either
the fast wave (X-mode) or slow wave (O-mode) branch of the dispersion relation
evaluated at the point (i . The local solution k (s) will remain on this branch
of the dispersion relation until either the ray reaches the plasma boundary or until
a mode-conversion point is reached where the geometric optics approximation is
no longer valid.
Wave absorption is calculated by numerically integrating the imaginary part
of the wavenumber kim along the ray trajectory [see Eq. (2.73)]. The geometrical
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optics formulation is valid when the anti-Hermetian part of the dielectric tensor
is small compared to the Hermetian part or equivalently, when the wave is weakly
damped. Formally, geometric optics is valid when 6 < I and when | kim I < | k 1.
In this limit kim may be calculated from an expansion of the anti-Hermetian part
of the dielectric tensor about the zero-order (real) wavevector k. At the electron
cyclotron resonance and its harmonics, the anti-Hermetian (dissipative) part can
be significant.6 5- 6 ' 71' 74 However consistent with the above definition, the waves
are typically found71 to be only weakly damped at the second harmonic electron
cyclotron resonance. It has been shown 7 1 ,7 1 that when the waves are weakly
damped at the cyclotron resonances, a consistent geometrical optics expansion
is possible and that the ray trajectories are given by the cold plasma dispersion
relation.
In the RAYS numerical model, a fully-relativistic form of the dielectric
tensor6 6 1 is used to calculate the wave absorption from Poynting's theorem;
the equation describing wave energy transport. The numerical model assumes
an isotropic (Tei = Te11 Te) Maxwellian electron distribution. When the wave
equation is written as,
G-E=0 (2.142)
where the dispersion tensor is related to the dielectric tensor by,
G E Wk x - k x E) + K- E (2.143)
then the dispersion relation can be derived from the Hermetian part of the disper-
sion tensor GH as follows,
D (k, w; r, t det(H 0. (2.144)
The anti-Hermetian part of the dispersion tensor GA yields the rate at which
energy is dissipated,
ka T= E*-GA kw ,t-E(2.145)
87r
where kim is the imaginary part of the wavevector and U is the wave power flux.
The wave power flux is defined in terms of the wave energy density W by,
r= v9W (2.146)
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or equivalently,
I' - -; E 4-G: kw;r t -E(2.147)
where the Hermetian part of the dispersion tensor G' is taken in the cold plasma
limit. Note that this formulation yields the component of the imaginary part of
the wavevector along the direction of the group velocity [see Eq. (2.73)].
A schematic flowchart of the RAYS numerical model in toroidal geometry is
shown in Fig. 2.22. The file RAYDATA contains the parameters which define the
plasma shape, electron temperature profile, and electron number density profile.
The file also contains the initial conditions for ray trajectories to be computed.
The next several figures show the results of the RAYS numerical simula-
tion modeling the case of the absorption intensity measurement I. = 75.1 ± 5.0
at iT, = (0.625 ±.003) x 1013cm- 3 (see Fig. 2.19 and Fig. 2.20). Fig. 2.23
shows a poloidal projection of the ISX-B vacuum vessel generated by the nu-
merical simulation and including the transmitting and receiving antenna used in
the extraordinary mode polarized wave absorption studies. The dotted lines are
the flux surfaces derived from the magnetics diagnostic measurements and plot-
ted at equal increments between p/a = 0.1 and the outermost flux surface at
p/a = 1.0. The solid lines are the ray trajectories calculated by the RAYS nu-
merical model. Eleven rays are numerically propagated as an approximation to
the directivity of the transmitting antenna. The rays are initially launched in 10
increments through a ±50 angle with the equatorial plane. The initial value of
the wavenumber k is chosen to lie on the fast wave (extraordinary mode
polarized) branch of the dispersion relation with a vanishing parallel wavenumber,
k -B 8== 0. (2.148)
With kii ~ 0 the ray trajectories lie approximately in the 4 = 0 half-plane and
the toroidal projection is not shown. The numerically computed parameter ?7 =
11.81cm (see Fig. 2.23) measures the lateral extent of the antenna pattern when
the rays have been numerically propagated to a major radius of R = 130 cm.
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Fig. 2.22: Shown is a schematic flowchart of the RAYS numerical model in
toroidal geometry.
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s+ds, 7ls+ds), AND i;(s+ds).
The-corresponding value of the lateral spread computed for the plasma conditions
appropriate to the measurement of the background intensity Ib = 206 ± 17 is
77b = 11.07cm. The experimental optical depth rexp = 0.88 ± 0.11, including the
correction for refraction based on the numerically computed lateral spread in the
antenna pattern, is then calculated from Eq. (2.106) and the values 77a, 7b, la,
and Ib. This value of the optical depth should be compared with the analytic
approximation rea = 0.83 ± 0.20 given earlier. The correction for refraction
based on the numerically computed 77. and 77b is thus seen to be small; typically
on the order of 0(10%). In what follows, the numerical computation of the
optical depth Tnum is described and an estimate of the accuracy of the numerical
computation is presented. Subsequently, the results for a series of experimental
measurements of the optical depth are presented.
Fig. 2.24 shows the numerically computed ray trajectories plotted on an
Allis 59 , 75 diagram. The shaded area in the figure shows the evanescent region [see
Eq. (2.66)] for the extraordinary mode polarization between the upper hybrid layer
at w = w e + Wc and the right-hand cutoff at w = (we/2) + (w/4) + wj2 .
The solid lines, intersecting the u = 2 we resonance (we/W2 = 0.25), are the
computed ray trajectories.
Several values of interest computed by the numerical model are shown in
Fig. 2.25, Fig. 2.26, Fig. 2.27, and Fig. 2.28, plotted as a function of arclength
s along the ray trajectory. These figures are obtained from the ray at the cen-
ter of the antenna pattern of Fig. 2.23 that is propagating approximately in the
equatorial plane of the vacuum vessel. Fig. 2.25 shows the perpendicular index
of refraction Ni(s) = cki(s) /w, the component of the imaginary part of the
wavevector along the direction of energy flow kim(s) -d, and the integrated frac-
tional absorption A(s). Here d9 is a dimensionless unit vector in the direction of
the energy flow d = ds/ds. The fractional absorption A(s) is defined by,
A(s) = 1 - exp [2 kim(s') -ds' . (2.149)
The value of the optical depth computed by the numerical model rvum follows
from numerically integrating the imaginary part of the wavevector over the ray
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Fig. 2.23: Shown is a poloidal projection of the ISX-B vacuum vessel generated
by the RAYS numerical simulation and including the transmitting
antenna and receiving antenna. The dotted lines are the outermost
and several others of the plasma flux surfaces. The solid lines are the
ray trajectories computed by the RAYS numerical simulation. The
parameter 77o is used as a quantitative measure of the refraction.
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Fig. 2.24: Shown are the ray trajectories computed by the RAYS numerical
model and plotted on an Allis diagram. The speckled region de-
notes the evanescent region between the upper hybrid layer and the
right hand cutoff WUH W < WR where the extraordinary mode po-
larized wave cannot propagate. The solid lines are the numerically
computed ray trajectories.
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trajectory,
rtm E2kim(s') ds'. (2.150)
The parallel index of refraction Nil = ckll/w - 0 is very small and not shown here.
Note that the weak damping approximation of geometrical optics I kim I < I k |
is satisfied in this computation (the wavevector and direction of energy flow are
approximately parallel here).
In Fig. 2.26 the flux surface coordinates of the ray trajectory p(s), 0(s), 0(s)
are plotted as a function of arclength. The ray does not intercept the plasma
magnetic axis at p = 0 principally because of the finite vertical shift 6.. The
variation of the plasma properties along the ray trajectory is shown in Fig. 2.27.
Plotted are the zero-order magnetic field strength Bo(s), the electron number
density ne(s), and the electron temperature Te(s), as a function of arclength along
the ray trajectory.
Finally, Fig. 2.28 shows three quantities which give an indication of the accu-
racy of the numerical computation. In the cold plasma limit, when all the terms
in the finite Larmor radius expansion can be neglected, the dispersion relation
D k, W; 7can always be written in the bi-quadratic form,
A(k,, w;) Nl + B(ki,w;;) N + C(k,w) = 0. (2.151)
The residual R(s) is defined by,
AN 4 +BN 2 +C
R(s) - + I (2.152)
AN, + BN +|C
and serves as an indication of how well the computed ray parameters satisfy the
dispersion relation. The quantities ne(s) and bBo(s) are computed in terms of
an integral of Vne and VB, respectively, along the ray trajectory as follows;
[ne (s) - n (s = 0)] - f Vne(s') -ds'
[ne(s) - ne (s = 0)]
and,
[Bo(s) - Bo(s = 0)] - f VBo(s') -ds'
IBo(s) - Bo(s 0)]
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Fig. 2.25: Shown are (a) the perpendicular index of refraction NJ, (b) the com-
ponent of the imaginary part of the wavevector along the direction of
energy flow kim -d, and (c) the fractional absorption of the wave en-
ergy A, computed by the RAYS numerical simulation and plotted as
a function of the arclength s along the ray trajectory. The W = 2We,
resonance layer is located at approximately s ~ 14 cm. This detailed
plot is obtained from the ray at the center of the antenna pattern of
Fig. 2.23 that is propagating approximately in the equatorial plane of
the torus.
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Fig. 2.26: Shown are (a) the minor radius flux surface coordinate p, (b) the
poloidal angle flux surface coordinate 0, and (c) the toroidal angle 0
computed by the RAYS numerical simulation and plotted as a func-
tion of the arclength s along the ray trajectory. The w = 2 we
resonance layer is located at approximately s - 14 cm. This detailed
plot is obtained from the ray at the center of the antenna pattern of
Fig. 2.23 that is propagating approximately in the equatorial plane of
the torus.
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Fig. 2.27: Shown are (a) the zero-order magnetic field strength BO, (b) the elec-
tron number density ne, and (c) the electron temperature T com-
puted by the RAYS numerical simulation and plotted as a function
of the arclength s along the ray trajectory. The w = 2w, resonance
layer is located at approximately s ~ 14 cm. This detailed plot is
obtained from the ray at the center of the antenna pattern of Fig. 2.23
that is propagating approximately in the equatorial plane of the torus.
118
18
13
0
8
1.5
1.0
0.5
0
1000
500
12
0
0
I I I I
I I I
(cm)
(a)
-(b)
-(c)
48
'
E
10
40
x%a
C
a)
I I I I
I I I
s
_flQ
Similarly, these serve as an indication of the accuracy of the tokamak equilibrium
model. Clearly, the tokamak equilibrium is computed with sufficient accuracy
that the ray parameters computed from Eq. (2.134) and Eq. (2.133) well satisfy
the dispersion relation (see Fig. 2.28).
2.3.7 Measurement of Extraordinary Mode Polarized Wave Absorption
at the Second Electron Cyclotron Harmonic Resonance: Discus-
sion and Conclusions
A comparison is given in Table 2.1, between the experimental and theoret-
ical values of the optical depth at the second harmonic of the electron cyclotron
frequency w = 2We for perpendicular propagation of a wave polarized in the ex-
traordinary mode. The data shown in Table 2.1 are separated into two groups.
For the first group, the experimental values of the optical depth rezp are obtained
from the measured intensities Ia and Ib, the computed ?, and 71, and Eq. (2.106).
For the second group, none or insufficient profile information was available to per-
form a numerical computation of the lateral spread in the antenna pattern 7?, and
77b. For this second group the (small) correction is neglected, re, is assumed
equivalent to Tmea, and the experimental values of the optical depth are obtained
from the measured intensities Ia, Ib, and Eq. (2.104). The uncertainty in the
value of re1, arises from statistical uncertainty in the measurements of the intensi-
ties Ia and Ib. The table includes the electron number density ne and transverse
electron temperature Tei at the w = 2we resonance layer. These are derived
from the Thomson scattering diagnostic measurements, and are tabulated along
with their respective standard deviations. For ne = (0.925 ± 0.127) x 1013 cm-3
the table lists two values of the experimental optical depth rez, derived from two
separate measurements of the background intensity Ib. The analytic approxi-
mation to the optical depth Tani is obtained from: the above electron density
and perpendicular electron temperature values, the magnetic field gradient scale
length LB = R obtained form the measured major radius coordinate location of
the w = 2wce(R) resonance layer, the wave frequency of w/27r = 75 GHz, and
Eq. (2.78). The uncertainty in the value of Ta,,, arises from statistical uncer-
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Fig. 2.28: Shown are several diagnostic measures of the accuracy of the RAYS
numerical simulation. Plotted as a function of the arclength s along
the ray trajectory are: (a) the residual of the dispersion relation R;
and an estimate of the integrated numerical uncertainty in both of
(b) the electron number density bne, and (c) the zero-order magnetic
field strength 5Bo. The w = 2we resonance layer is located at ap-
proximately s : 14 cm. This detailed plot is obtained from the ray
at the center of the antenna pattern of Fig. 2.23 that is propagating
approximately in the equatorial plane of the torus.
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tainty in the Thomson scattering measurements of the electron number density
and transverse electron temperature. Finally, the optical depth computed by the
RAYS numerical simulation Tnum is also tabulated. No attempt has been made
to estimate the uncertainty in Tnum. For ne = (0.434 ± 0.099) x 1013 cm- 3 the
spatial profiles Tei(p) and ne(p) are incomplete and a numerical computation of
the optical depth is not performed. The experimental values of the optical depth
are generally in good agreement with the theoretical predictions. In what follows,
possible systematic errors in the estimates of the optical depth are discussed.
The values of the optical depth calculated by the numerical simulation rnum
are systematically lower than those of the analytic approximation T anl. It is not
known whether this disagreement is the result of a systematic error in the numer-
ical computation, or the result of an actual physical effect that is not included in
the analytic approximation. First consider the limitations inherent in the analytic
approximation to the optical depth rani. The analytic calculation includes only
a Taylor's series expansion of the zero-order magnetic field strength as a function
of arclength s along the.ray trajectory [see Eq. (2.75)],
BO(s) = (Bo) 2 w + s ( o. (2.155)
In addition, although the electron density and temperature gradient scale lengths
are in practice much shorter than the magnetic field gradient scale length, in cal-
culating the analytic approximation to the optical depth, the electron number
density and perpendicular electron temperature are assumed constant along the
ray trajectory one/ds = aTeI /ds = 0. However these spatial profiles of the mag-
netic field strength, electron number density, and transverse electron temperature,
are all included in the numerical computations.
Furthermore, the analytic approximation is derived by retaining only the
first-order terms in the finite Larmor radius expansion of the non-relativistic di-
electric tensor. Formally, the width of the w nwe resonance is given in the
non-relativistic limit by the Doppler width,
Aw = WVhe ,ck (2.156)
C W
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Table 2.1: Tabulated is a comparison between the experimentally determined
values of the optical depth rezp and the analytic approximation ran
for near-perpendicular propagation of extraordinary mode polarized
waves at w = 2we in the ISX-B tokamak. Values of the optical
depth r,,,, obtained from a numerical computation of ray propaga-
tion and absorption in toroidal geometry are also listed. The data
are separated into two groups. For the first group, a correction of
the experimental values re,, are made based on the comparative re-
fraction of the ray trajectories computed by the numerical simulation.
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ne Te
(x10' cm- 3 ) (eV) rep Tani Tnm
0.754 ±.117 395.1 ± 133.5 0.88 ± .11 0.83 ± .20 0.72
0:925 ± .127 221.9 ± 107.1 (07±3) 0.58 ± .17 0.51
1.110 t .114 320.7 ±151.6 1.32 ± .21 1.04 ± .28 0.90
0.429 ± .198 413.3 ± 167.5 0.58 ± .12 0.48 ± .24 0.41
0.434 ± .099 445.7 ± 58.6 0.78 ± .08 0.52 ± .07 NAt
1.524 ± .217 438.0 104.4 1.97 ± .28 2.06 ± .67 1.76
t Not Available.
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and in the relativistic limit by the relativistic line width,
Aw = 2 . (2.157)
Approximating N1 =_ -' cos, where 0 is the angle between the wavevector and
the direction of the magnetic field, then relativistic effects might be expected to
dominate the absorption when the direction of propagation satisfies,
cosej < Vthe (2.158)C
Certainly this condition is satisfied at exact perpendicular incidence (8 = 7/2).
For Te ~ 1 keV, the relativistic line width might be expected to dominate for
angles ,r/2 - 01 < 3.5'. This range of angles is approximately the width at the
-3 dB point of the antenna directivity, for either of the transmitting antenna or
receiving antenna. Thus the analytic approximation to the optical depth r,,,
might be expected to differ substantially from the numerical computation Tnum
at exact perpendicular incidence. Note, however, that when the plasma model
closely approximates the assumptions of the analytic approximation,
Te < 1keV (2.159)
Vn, = 0 (2.160)
VTe = o (2.161)
the optical depth computed by the numerical simulation agrees with the analytic
approximation to better than three significant figures; even in the limit of exact
perpendicular incidence kH = 0. This result might be anticipated in advance as,
except for the line shape itself, to lowest order in Vthe/C the non-relativistic and
relativistic forms of the dielectric tensor should be identical. Furthermore, the
line shape in the calculation of the analytic form of the optical depth, whether
the Doppler width or the relativistic line width, generally assumes the form of
a -function in the integral of the imaginary part of the wavevector along the
ray trajectory. Finally, note that the values of Tum presented above and in Ta-
ble 2.1, are insensitive to the choice of the step size ds in the numerical integration.
Therefore the small but systematic differences evident in Table 2.1 between the
analytic approximation to the optical depth rT and the result of the numerical
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model rum are likely to be the result of finite gradients in the electron density and
temperature near the w = 2wce resonance layer that are included in the numerical
computation. When these gradients are vanishingly small Vne ~ 0 and VTe ~ 0,
the numerical computation of the optical depth and the analytic approximation
are in very good agreement.
Sources of systematic error in the experimental values of the optical depth
rez, must also be considered. The transmitting and receiving microwave horn
antennae are oriented to receive waves with a fixed polarization of the electric
field vector (E B). The polarization of the wave electric field at the receiving
antenna can differ from the polarization of the wave launched by the transmit-
ting antenna because of Faraday rotation 76 ~77 of the E-field vector as the wave
propagates in the plasma. The misaligned component of the electric field vector
is poorly coupled to the receiving antenna and leads to a decrease in the received
signal intensity similar to the effect of an absorbing layer. However, the effect
is very very small. Along a ray trajectory s, the electric field vector will rotate
through an angle 0 given by,76 - 77
(wPe(s') 2 e ds'
S= -_ 
-B(s - -. (2.162)
Thus for propagation perpendicular to the toroidal magnetic field, the Faraday
rotation is driven only by the component of the poloidal magnetic field along the
direction of the ray trajectory. In fact, the Faraday rotation for waves propagating
parallel to the equatorial plane and through the plasma magnetic axis is identically
zero.
Both the ray trajectory and the direction of the wave electric field vector
can be altered if the incident wave is scattered by low frequency density fluctua-
tions. Ray trajectories that are scattered out of the field of view of the receiving
antenna result in a decrease of the received signal intensity similar to the effect of
an absorbing layer. Such low frequency fluctuations are commonly attributed to
non-linear drift wave turbulence and are observed 7 "-81 in many tokamaks. Cal-
culations for incident waves in the electron cyclotron frequency range show8 5 that
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the incident ray trajectories can be significantly altered by scattering from low fre-
quency density fluctuations when the density fluctuation amplitude is sufficiently
large;
Sn re
- > - (2.163)
n L
where Sn/n is the ratio of the density fluctuation amplitude to the ambient density,
rei is the ion Larmor radius, and L, is the density gradient scale length. For
Sn/n - rei/L, simulations predict"5 that only small changes in the ray trajectories
are probable. For ISX-B parameters, L, ~a ~ 20cm, Ti ~ 500eV, B ~ 12kG,
and ri - 0.2cm, scattering is expected to be a significant effect when,
Sn
6 % . (2.164)
n
Typically, density fluctuation amplitudes in the range of 1% < Sn/n < 3% are
observed 7 8- 79 , 11- 8 3 in tokamaks; although under certain conditions much higher
values have been reported.80 In any case, the density fluctuation amplitude might
be expected to be similar during each of the measurements of the two intensi-
ties Ia and Ib. The ratio of the two intensities ia/lb may then be identified
as the fractional absorption at the w = 2wce resonance layer with both refraction
and scattering from low frequency density fluctuations implicitly compensated for.
Therefore, scattering of the incident extraordinary mode polarized wave by low
frequency density fluctuations is not expected to be a significant effect in this
experiment.
Note that the analytic approximation to the optical depth reT. given by
Eq. (2.78) has a linear dependence on the perpendicular electron temperature Tei.
This dependence is actually an artifact from the derivation of Eq. (2.78) where
only the first-order terms in the finite Larmor radius expansion are included in
the dielectric tensor. In Eq. (2.78) those terms proportional to (TeI/mec2) 2 are
small and have been neglected. Moreover, the numerical simulations confirm that
this is a good approximation over the temperature range of interest Tei < 1 keV.
For fixed R and w then, the ratio of the optical depth to the transverse electron
temperature T/TeI is, to a good approximation, only a function of the electron
density n,. In Fig. 2.29 the quantity r/Tei is plotted as a function of ne, where ne
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and Tei are the electron number density and perpendicular electron temperature,
respectively, at the w = 2w,, resonance layer. The solid line in the figure is the
quantity TanI/Te obtained by dividing Eq. (2.78) through by Tj_, using R = 83 cm
and w/27r = 75 GHz. The filled squares with the error bars are the experimental
result ezpTi where the values of rexp, Tei, and n. are taken from Table 2.1.
The numerical computations of the optical depth are performed in the limit Tei =
T1 = Te. Two groups of rnum/Te values obtained from the numerical simulations
are shown in Fig. 2.29. The first group, the open circles in the figure, are obtained
with Te ~ 500eV. For this first group, a parabolic density profile and parabolic-
squared temperature profile (p = r = s = 2, q = 1, n,, = Tea = 0) were used in the
numerical model, and circular concentric flux surfaces were used to approximate
the plasma shape.
The numerical simulation is also used to model the absorption by a plasma
with a non-thermal electron distribution function. The effect of a non-thermal
distribution on the electron cyclotron emission is considered in Chapter 4. For
the absorption computations, the non-thermal distribution is modeled as the sum
of two isotropic Maxwellian distributions. The first, labeled the 'bulk' distribu-
tion, is taken to have a density ne,b and temperature Te,b. The second, labeled
the 'tail' distribution, is taken to have a density ne,t and temperature Te,t. The
total density is given by a sum over the two distributions ne = ne,b + ne,t. The
number of particles in the tail is assumed to be a small fraction of the total den-
sity ne,t < ne,b. However, the tail temperature is assumed to be very large
Te,,t >> Te,b. During the low power non-perturbative wave absorption study pre-
sented here, both the electron cyclotron emission intensity and the hard X-ray
flux from the limiter and vacuum vessel wall are monitored. No indication of a
non-thermal electron distribution function was observed. However such a non-
thermal electron distribution may approximate the case of a low-density plasma
in the slide-away regime (described in Chapter 4) or, the tail may approximate
the result of quasi-linear electron velocity space diffusion occurring during electron
cyclotron resonance heating at high incident power levels.
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Fig. 2.29: Shown is the optical depth at the second harmonic of the electron
cyclotron frequency divided by the perpendicular electron tempera-
ture r/Te1 and plotted as a function of the electron number density
n.. The optical depth is that for extraordinary mode polarized waves
propagating perpendicular to the magnetic field where ne and Tei are
the density and temperature at the w = 2we resonance layer. The
experimental data values are taken from Table 2.1.
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The ray trajectories are computed from the Hermetian part of the dispersion
tensor in the cold plasma limit, and are negligibly affected by the presence of a low
density, non-thermal component in the electron distribution function. However,
with kim calculated from the anti-Hermetian part of the dispersion tensor and with
Te,t > T,,b, the non-thermal electrons may contribute to the wave absorption [see
Eq. (2.149)]. Because the non-thermal component is modeled as an additional
second Maxwellian, the contribution to the imaginary part of the wavevector can
be numerically computed separately for each of the bulk part of the electron dis-
tribution kim,b and the non-thermal tail part kim,t. The sum kim = kim,b + kim,t
gives the imaginary part of the wavevector used to compute the wave absorption.
A schematic flowchart of the RAYS numerical model in toroidal geometry with
the non-thermal model of the electron distribution function is shown in Fig. 2.30
(see also Fig. 2.22).
The filled circles shown in Fig. 2.29 are values of rTnm/Te,b computed
by the RAYS numerical simulation with a non-thermal model of the zero-
order electron distribution function. Here the electron distribution function
is modeled with: Te,b ~ 500eV, T,,t ~ 100keV, and net ~ 1 x 1011cm-3
at the w = 2 we resonance layer. The electron number density and elec-
tron temperature profiles were again taken to be parabolic and parabolic-
squared, respectively (pb = rb = Sb = 2, qb = 1, nea = Tea = 0), for the bulk com-
ponent of the electron distribution. For the tail component of the elec-
tron distribution, the electron number density and electron temperature pro-
files were taken to be parabolic and parabolic-squared-squared, respectively
(pt = rt = 2, qt = 1, st = 4, nea = Tea = 0). Circular concentric flux surfaces
were used to approximate the plasma shape. Note that when ne,t = Te,t = 0,
the thermal absorption result (open circles in Fig. 2.29) is recovered. It is ev-
ident from Fig. 2.29 that at these values of Te,,, T,, and ne,t the contribution
of the tail electron distribution to the total wave absorption is not large, except
at a very low electron number density, and is generally within the uncertainty of
the experimental measurements. At low values of the electron number density
or electron temperature, where the wave absorption by the bulk electron distri-
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Fig. 2.30: Shown is a schematic flowchart of the RAYS numerical model in
toroidal geometry with a non-thermal model of the zero-order electron
distribution function.
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bution is itself small, the tail distribution can account for a large fraction of the
absorbed wave power. For example at Te,b < 200eV and ne,b <0.3 x 1013 cm3,
the wave power absorbed by the tail component can exceed the wave power ab-
sorbed by the bulk component alone. However at moderate bulk electron densities
ne,b - lx 1013 cm- or temperatures Te,b 1 keV, the numerical simulations pre-
dict that the addition of a low density non-thermal component to the electron
distribution function has a negligible effect on the wave absorption at w = 2Wce.
2.4 Measurement of the Extraordinary Mode Polarized Electron Cy-
clotron Emission at the Second Electron Cyclotron Harmonic
In the previous section, measurements were reported of the absorption of
an extraordinary mode polarized wave at the second electron cyclotron harmonic
resonance layer. Here, measurements are presented of emission from the ISX-
B tokamak plasma at the w = 2 we resonance layer of waves polarized in the
extraordinary mode. For a thermal Maxwellian plasma, the intensity of waves
emitted at the w = 2 wce resonance, and the fractional absorption of an incident
wave propagating through the w = 2 we resonance layer, are found to be closely
related. In particular when the absorption is strong, the corresponding emission
is approximately at the blackbody level.
2.4.1 Measurement of the Extraordinary Mode Polarized Electron Cy-
clotron Emission at the Second Electron Cyclotron Harmonic:
Localizing the Emitting Volume
For the emission measurements, the BWO transmitter is not used and, in
fact, the transmitting antenna is usually removed from the vacuum vessel. A
poloidal cross section of the ISX-B vacuum vessel and the receiving antenna dur-
ing the second harmonic electron cyclotron emission measurements is shown in
Fig. 2.31 (the beryllium oxide vacuum window is not shown). Typically, the
magnetic field is adjusted to place the w = 2 we resonance layer near the plasma
magnetic axis. Note that in this geometry, the emitting region is in the far field
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(Fraunhofer) limit of the receiving antenna. Also shown superimposed on the
cross section of the vacuum vessel, is a plot of the directivity #(9, 4) of the receiv-
ing antenna in the E-plane (4 = ±ir/2). In this view, the ISX-B poloidal cross
section is identically the E-plane of the microwave horn antenna. The inset of
Fig. 2.31 shows the coordinate system used in the directivity calculations in which
the E-plane is the 9-i plane at x = 0. With the antenna oriented as shown, and
for a wave propagating along the i-axis and incident on the antenna from z = +oo
(outwardly propagating along the direction of the major radius and in the equa-
torial plane of the torus), the direction of the electric field in the waveguide is
identical to the extraordinary mode polarization. The coordinate system is cho-
sen so that the receiving antenna aperture lies in the 1-P plane, centered at the
origin, with a width a = 3.38 cm and height b = 2.73 cm. The length of the horn
antenna is L ~ 7.9cm (see Fig. 2.31). When the curvature of the electric field
at the antenna aperture can be ignored (when the path length difference across
the horn aperture is less than ~-A/16 or equivalently in the limit L/A -+ oc where
A = 27rc/w is the free-space wavelength) the directivity t(0,4) is given by,86
1(2) sin 2(, sinOsin4) cos2(- sin cos4)
2(0 V) = 2 A -,22S A 02 (2.165)
4,sin2 sin2 4 [r2 - (A )2a2sin26cos29] (1 + cosO) 2
where 0, 4 are the spherical coordinates and the directivity is normalized to
4(0 = 0, 4) = 1. For a finite taper (L/A finite) the directivity can be expressed in
terms of the Fresnel integrals. However, the corrections to Eq. (2.165) are small
and the results presented here do not change significantly when the more accurate
expression for the directivity is used.
The gain G of the receiving antenna is defined as the maximum directivity
normalized to the average directivity and is given formally by,
0 = .4) (2.166)
fo" sinO d~f ' dO ((, 0)
With the directivity normalized to unity, it follows from Eq. (2.165) and Eq. (2.166)
that,86
G 32ab (2.167)
=r A 2
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Fig. 2.31: Shown is the experimental arrangement during the extraordinary
mode polarized electron cyclotron emission measurements. The di-
rectivity of the receiving antenna in the E-plane is shown superim-
posed on the cross section of the ISX-B vacuum vessel. The coordi-
nate system used to calculate the directivity is shown by the insert in
the lower right hand corner.
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or G ~ 27.7 dB at w/27r = 75 GHz. The effective area of the receiving antenna
aperture Aeff is given by, 86
Aeff = ) 2  (2.168)
or Aeff = 8ab/7r2  The effective area is defined in terms of the total power
received by the horn antenna from an incident plane wave of unit power flux.
When the antenna is oriented as shown in Fig. 2.31, the directivity <)(0, k) gives the
relative sensitivity of the receiving antenna to the extraordinary mode polarized
emission.
The full width at the half power point (FWHM) of the directivity projected
onto the w = 2Wce resonance layer determines the lateral extent I of the emitting
region. The width of the emitting region AR, along the direction of the major
radius in Fig. 2.31, is determined by a combination of: the frequency bandwidth
of the receiver (see Fig. 2.7); the kg1 spectrum of the antenna (directivity in the
H-plane or i-z plane); and the line-width of the resonance [see Eq. (2.156) and
Eq. (2.157)]. When emission reflected from the walls of the vacuum vessel can
be ignored, the received signal is given by an average of the emission from a
thin cylindrical plasma volume of lateral extent I ~ ±5 cm and width about the
w = 2we(R) resonance layer of AR < ±0.5cm. The lateral extent of the emitting
volume increases when the ray trajectories are significantly distorted by refraction.
2.4.2 Measurement of the Extraordinary Mode Polarized Electron Cy-
clotron Emission at the Second Electron Cyclotron Harmonic:
The Equation of Radiative Transfer and Blackbody Emission
The propagation of radiation along the ray trajectory s is governed by the
equation of radiative transport, 8
7
-
88
21 1d [w d3 I(w)1N = d 1W Ja - aw (2.169)ds N 2 dudldA dw dn dA
where d3I(w) /dw dil dA is the intensity of emission from a small source in the
frequency interval dw intercepting an element of cross-sectional area dA through a
cone of solid angle dO. Here N is the index of refraction of the wave in the medium
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and a, is the absorption coefficient at frequency w/27r describing the attenuation
per unit length. The emission coefficient J, describes the energy emitted at
frequency w/27r per unit time per unit frequency interval into the unit solid angle
and from the unit plasma volume. Away from the emitting or absorbing region,
and in the geometric optics limit, the quantity,
1 d3 1(w)
d1 d3d dA (2.170)
is constant along the ray trajectory. For an isotropic Maxwellian plasma at a
temperature Te the emission and absorption coefficients are related by Kirchhoff's
radiation law, 87-
88
1 1 d-3 IBB(w) (2.171)
N 2 a, dw dil dA
where d'IBB(w) /dw dfl dA is the blackbody intensity. The blackbody intensity
defines the thermal emission level and is given in the Rayleigh-Jeans limit (T >
hw where h is Plank's constant) by,
d3 IBB(W) 
_ W2T, (2.172)
dwdidA 8ir3 c2
Then for a Maxwellian plasma, the equation of radiative transport can be written,
d r1 d3 1(w) 1] [ d3I(w) d3 IBB(w) (
ds N 2 dwdndA = a I(s) N2dwd[2dA dwdfldA . (2.173)
In the case of perpendicularly propagating extraordinary mode polarized emission,
the emission intensity is driven by the average transverse electron energy and
T4- t.
When the temperature T, is approximately constant in the region where the
absorption coefficient a,(s) is non-zero, Eq. (2.173) can be solved for the radiation
intensity, 87-89
d'I(w) d31(W) ] __ e '
dw ddA dw dndA I
+d3IBBMw (i-e-fo d.s'\ 214±dwdlA k0, (2.174)dw dildA
where [d 3I(w) /dw dQ dA] 8=O is the incident intensity. The ray trajectory is as-
sumed to begin in free space where the index of refraction is unity (N = 1), pass
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through the plasma, and terminate again in free space. When the emission can
be ignored, Eq. (2.174) expresses the fractional absorption of the incident wave,
dw &I dA = , (s') da. (2.175)
d31(w)[dwd dA 3=0
Comparing Eq. (2.175) with Eq. (2.104), the absorption coefficient aw is identified
as identically twice the component of the imaginary part of the wavevector along
the ray trajectory. Therefore the optical depth,
r 2 kim(s') - ds', (2.176)
can also be written,
r = a,(s') ds'. (2.177)
0
By inspection of Eq. (2.174) it is seen that when the fractional absorption of an
incident wave in the same polarization is large (r > 2) the corresponding emission
is approximately at the blackbody level. When r > 2, the plasma is referred to as
being optically thick. When the electron distribution function is non-Maxwellian,
the emission level can exceed the blackbody intensity and is termed non-thermal.
Non-thermal emission is discussed in Chapter 4.
When there are no waves incident on the plasma at s = 0, the total intensity
measured by the receiving antenna is,
1(w) = d P) (W) (1 - e-') Aw A A. (2.178)dw dil d A
The received signal intensity can then be found by substituting for the blackbody
intensity [see Eq; (2.172)], and using: B = Lw/27r the bandwidth of the receiver;
All = 4ir/G the solid angle intercepted by the microwave horn antenna, where
G is the antenna gain [see Eq. (2.167)]; and AA = Aeff the effective area [see
Eq. (2.168)]. After performing these substitutions the intensity of the emitted
radiation coupled to the receiving antenna becomes,
I(w) = TeiB (1 - e~') . (2.179)
Here perpendicularly propagating extraordinary mode polarized emission is as-
sumed and the substitution Te -+ Tei has been made. The sum of Eq. (2.179)
and Eq. (2.104) comprise, in effect, a statement of Kirchhoff's radiation law.
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When reflections from the vacuum vessel walls are included, the intensity
measured at the receiving antenna is given approximately by,87-88
I(w) = TeiB (1 - e)(2.180)(1 - Fe-)
where r is the reflectivity in the same polarization of a wave at the vacuum
vessel wall. Wall reflections must be included when the plasma is optically thin
(e- - 1) and moreover, in the optically thin limit the emitting plasma volume
is no longer well defined. Optically thin emission is not considered here and the
value of the wall reflectivity F does not affect the emission measurements.
The output of the microwave receiver follows from Eq. (2.179) as,
V.,t = Tei#- (I - e-r) (2.181)
where 8 is the calibration constant described in Section 2.4.2 [see Eq. (2.95) and
Eq. (2.96)]. The calibration constant defines the radiation temperature Trad of
the plasma through,
Tad =Vo,.t (2.182)
The constant / includes such factors as: the bandwidth of the receiver, the atten-
uation of the wave power as the signal propagates from the receiving antenna to
the mixer, the conversion loss at the mixer, and the gain of the IF amplifier chain.
Note that the calibration constant 13 is independent of the plasma properties. By
inspection of Eq. (2.181) and Eq. (2.182), it is clear that for optically thick emis-
sion (r > 2) the measured radiation temperature is identically the perpendicular
electron temperature Trad = Tei averaged over the emitting plasma volume.
2.4.3 Measurement of the Extraordinary Mode Polarized Electron Cy-
clotron Emission at the Second Electron Cyclotron Harmonic:
Emission Measurements and Discussion
For studies of extraordinary mode emission at the second harmonic of the
electron cyclotron frequency, all three local oscillators in the receiver (see Fig. 2.6
and Fig. 2.7) are used at local oscillator frequencies of 64 GHz, 69 GHz, and
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75 GHz respectively. Because of the gradient in the zero-order magnetic field
strength BO ~ BO(RO) Ro/R where RO = 93 cm, the three different local oscil-
lator frequencies correspond to three spatially distinct w = 2wce(R) resonance
layers. At Bo(Ro) = 13.1kG, the three local oscillator frequencies 64 GHz,
69 GHz, and 75 GHz, correspond to w = 2wce(R) resonance layers at major radii
of R = 107 cm, 99.5 cm, and 91 cm, respectively (at p ~ 14 cm, 6.5 cm, and 2 cm,
respectively). Thus the receiver can measure the time-history of the radiation
temperature Trad at three spatially distinct points on the electron temperature
profile Trad = Trad(R, t). When the plasma is optically thick, Thomson scat-
tering electron temperature measurements are, in general, in agreement with the
electron temperatures derived from the electron cyclotron emission measurements.
Fig. 2.32 shows the second harmonic electron cyclotron emission from a
typical neutral beam heated ISX-B discharge at BO(RO) = 13.1 kG. The emission
is plotted in terms of the radiation temperature Trad and the plasma is assumed
to be optically thick (r > 2) so that Trad = T,±. To a good approximation, the
ISX-B plasma is isotropic so that Te Te,1 T,. Fig. 2.32(a), Fig. 2.32(b),
and Fig. 2.32(c) show the radiation temperature of an emitting plasma volume
localized about the w = 2wc(R) resonance layer for w/27r = 64 GHz, 69 GHz,
and 75 GHz, respectively. Fig. 2.32(d) shows the toroidal current carried by
the plasma Ip, and Fig. 2.32(e) shows the central line-averaged electron number
density in the equatorial plane ~ine. In Fig. 2.33 an estimate of the optical depth
r is given for perpendicularly propagating extraordinary mode polarized waves
at the second electron cyclotron harmonic resonance layer, for each of the three
frequencies (a) 64 GHz, (b) 69 GHz, and (c) 75 GHz. Fig. 2.33(d) shows the
neutral beam power PB incident on the plasma of Fig. 2.32, and Fig. 2.33(e)
shows the resistive component of the loop voltage VL, again for the discharge of
Fig. 2.32.
The optical depth r shown in Fig. 2.33(a), Fig. 2.33(b), and Fig. 2.33(c), is
calculated from Eq. (2.78) and using: the measurement of the (perpendicular)
electron temperature Te shown in Fig. 2.32(a), Fig. 2.32(b), and Fig. 2.32(c),
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Fig. 2.32: Shown is a temporal history of the second harmonic electron cyclotron
emission w = 2wce (R) from a typical neutral beam heated ISX-B toka-
mak discharge. Plotted are (a) the emission at w/27r = 64 GHz, (b)
the emission at w/27r = 69 GHz, (c) the emission at w/27r = 75 GHz,
(d) the toroidal current Ip, and (e) the central chord line-averaged
electron number density i. The measured emission propagates ap-
proximately perpendicular to the toroidal magnetic field and only the
emission polarized in the extraordinary mode is monitored. In (a),
(b), and (c) the extraordinary mode polarized emission intensity is
plotted in units of the radiation temperature and in the blackbody
limit Trad = Te.L Te.
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Fig. 2.33: Shown is an estimate of the optical depth r at w = 2wce(R) where
w/27r is equal to (a) 64 GHz, (b) 69 GHz, and (c) 75 GHz. The data
are obtained from the ISX-B tokamak discharge shown in Fig. 2.32.
Also shown are (d) the neutral beam power PB, and (e) the resis-
tive component of the loop voltage VL, again for the ISX-B tokamak
discharge shown in Fig. 2.32.
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respectively; the measured line-averaged electron number density ii shown in
Fig. 2.32(d); and an assumed density profile ne(p). During the neutral beam
injection, the electron density profile is assumed to be parabolic,
n,(p) neo 1 (p)p] + n,,, (2.183)
where p = 2, q = 1, nea = 0 , neo = lii, a ~ 26cm, and p ~ |R - Ro|. Here,
Ro = 93 cm and R is the location of the w = 2wce(R) resonance layer.
It is apparent from Fig. 2.32 and Fig. 2.33 that the plasma is optically thick
r > 2 and that the emission is at the blackbody level during most of the course
of the discharge. Near the plasma edge, the emission is apparently optically thin
before the neutral beam injection t < 100 msec. The high radiation temperature
shown in Fig. 2.32(a) at times t early in the discharge t < 50 msec, is evidently non-
thermal emission due to runaway electron formation associated with the startup
of the plasma. Conversely during the steady-state portion of the discharge [see
Fig. 2.33(c)], the optical depth in the plasma center is very large r - 8, and
electron cyclotron heating with the extraordinary mode polarization at w = 2Wce
should be very efficient in such a plasma.
The fluctuations in the w = 2We emission in the latter portion of the dis-
charge of Fig. 2.32 are due9 0 to a periodic internal disruption of the plasma, and
are shown in an expanded view in Fig. 2.34. An internal disruption is a class of
magnetohydrodynamic (MHD) instability which arises from the non-linear growth
of an MHD oscillation with poloidal mode number m = 1. This non-linear growth
leads to a rearrangement of the magnetic field configuration whereby, because of
finite plasma resistivity, magnetic field lines are eventually broken and then recon-
nected. The periodic breaking and reconnection of magnetic field lines acts to
redistribute plasma thermal energy, particles, and currents, from the plasma cen-
ter (p ~ 0) toward the outside of the plasma volume (p ~ a). The magnetic field
reconnection occurs at an inversion radius near the q(p) = 1 flux surface where q
is the safety factor. The second harmonic electron cyclotron emission shows the
characteristicg 1 ~9 5 sharp drop in the electron temperature in the plasma center
[see Fig. 2.34(c)] with an associated increase in the temperature at the plasma
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periphery [see Fig. 2.34(a)]. The w = 2we emitting volume for w/27r = 69 GHz
is apparently near the inversion radius, as the w = 2We emission of Fig. 2.34(b)
shows little or no fluctuations during the magnetic field reconnection.
The internal disruption is often referred to as the sawtooth oscillation be-
cause it was first observed9 1 as periodic 'sawteeth' on signals from collimated soft
X-ray detectors. 9 1-96 A comparison between the soft X-ray signal and the elec-
tron cyclotron emission at w/27r = 64 GHz is shown in Fig. 2.35. The data is
taken in the steady state portion of a discharge similar to that shown in Fig. 2.32.
The data was digitally sampled at an extremely rapid rate (512kHz) and three
sawtooth periods are shown in detail. For comparison, the data of Fig. 2.34
was digitally sampled at the rate of 1kHz. The soft X-ray signals are gener-
ated by an array of collimated surface barrier diode detectors sensitive to photons
in the energy range hy = 0.5 keV to hv = 10 keV. These photons are gener-
ated by free-free bremsstrahlung and free-bound recombination radiation, and by
bound-bound line radiation. Typically bremsstrahlung radiation dominates the
soft X-ray signal, and the signal intensity S. is proportional to,9 7
S oc dr ne(p) Zeff(P) e -h/T,(p) (2.184)
1(p) T!(P)1/2
where r (p) is the line-of-sight of the collimated detector, and the average over
photon energy is not shown. Principally because of the exponential dependence
of the radiation on photon energy, the soft X-ray signal is dominated9 7 by con-
tributions from the highest-temperature plasma along the detector line-of-sight.
Because the effective ionic charge Zeff is approximately constant over the plasma
volume, and because little or no fluctuations are typically observed on the line-
averaged electron density ji, during the internal disruption, the fluctuations on
the soft X-ray signal are assumed 9 2-9 5 to arise from fluctuations in the electron
temperature Te(p) driven by the internal disruption.
Fig. 2.35(a) shows the soft X-ray signal from a line-of-sight passing vertically
through the ISX-B vacuum vessel at the magnetic axis R = Ro (p = 0). The
characteristic sawtooth-like oscillation in the soft X-ray flux is observed in this
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Fig. 2.34: The sawtooth magnetohydrodynamic activity of Fig. 2.32 is shown
in an expanded view of the second harmonic electron cyclotron
emission signal w = 2wce(R) at each of the three frequencies (a)
w/27r = 64 GHz, (b) w/27r = 69 GHz, and (c) w/27r = 75 GHz. In
(a), (b), and (c) the extraordinary mode polarized emission intensity
is plotted in units of the radiation temperature and in the blackbody
limit T,.d = Te I Te.
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Fig. 2.35: Shown is a comparison between observations of periodic internal dis-
ruptions seen in the signals Sz from a collimated array of soft X-ray
detectors, and observations of the fluctuations on the radiation tem-
perature seen in the second harmonic electron cyclotron emission at
w/2ir = 64 GHz. Only the fluctuating components of the signals
are plotted and furthermore, the fluctuating amplitudes S. have each
been normalized to a constant value. In (a) the soft X-ray line-of-
sight passes vertically through the ISX-B vacuum vessel at the mag-
netic axis R = Ro. In (b) the extraordinary mode polarized w = 2 Wce
emission intensity is plotted in units of the radiation temperature and
in the blackbody limit Tad = T_ _= T,. In (c) the soft X-ray line-
of-sight passes approximately vertically through the ISX-B vacuum
vessel at major radius R near the W = 2wce(R) resonance layer for
w/2'r = 64 GHz.
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signal. In Fig. 2.35 only the fluctuating components of the signals are plotted
and furthermore, the fluctuating amplitudes S. have each been normalized to
a constant value. Fig. 2.35(b) shows the second harmonic electron cyclotron
emission at w/2r = 64 GHz originating from an emitting region near the plasma
edge (p - 15 cm). The optical depth for the extraordinary mode polarized wave at
w = 2We, calculated as described for Fig. 2.33(a), is estimated to be large 2 <r <3.
To a good approximation, the ISX-B tokamak plasma is isotropic Tei = T = Te.
The w = 2Wce emission intensity is plotted in units of the radiation temperature
and in the blackbody limit Tad = Tei = Te. Fig. 2.35(c) shows the soft X-ray
signal from a chord passing approximately vertically through the ISX-B vacuum
vessel at a major radius R near the w = 2wce(R) resonance layer for w/27r =
64 GHz. The electron cyclotron emission at w/27r = 64 GHz shows fluctuations of
the radiation temperature of &Te ~ 50 eV superimposed on an average radiation
temperature of (Te) ~ 250 eV. Good agreement between the w = 2 Wce emission
signal of Fig. 2.35(b) and the soft X-ray signal S. of Fig. 2.35(c) is found. The
comparison shown in Fig. 2.35 confirms that temperature fluctuations driven by
periodic internal disriptions are observed on the optically thick extraordinary
mode emission at the second electron cyclotron harmonic.
2.5 Conclusions Drawn From Studies of Linear Phenomena in the Elec-
tron Cyclotron Frequency Range in a Thermal Plasma
In this chapter, experimental studies of linear phenomena in the electron
cyclotron frequency range have been described. A direct, but non-perturbative,
measurement of wave absorption at the second harmonic of the electron cyclotron
frequency w = 2w,, is reported. The absorption is measured for extraordinary
mode polarized waves propagating near-perpendicular to the toroidal magnetic
field in the ISX-B tokamak. The measurements are in agreement with an an-
alytic approximation to the absorption derived by including only the first-order
finite Larmor radius corrections in the non-relativistic form of the dielectric tensor.
The measurements are also in agreement with the predictions of a fully-relativistic
numerical simulation. In the numerical simulation, the absorption is calculated
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to arbitrary order in the finite Larmor radius expansion. Measurements of ex-
traordinary mode polarized emission from the w = 2we resonance layer are also
reported. The absorption and emission measurements are in good agreement with
Kirchhoff's radiation law. The presence of a non-thermal electron velocity-space
distribution, modeled here by the inclusion of a hot diffuse second Maxwellian elec-
tron distribution in the numerical simulation, has a negligible effect on the absorp-
tion at w = 2we except at very low bulk electron densities (ii, < 1 x 1013cm- 3 )
or temperatures (Tei < 1 keV). The use of extraordinary mode polarized waves
for electron cyclotron resonance heating at w = 2We in existing and future devices
is supported by these results.
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Chapter 3
Non-Linear Phenomena
in the Electron Cyclotron Frequency Range
in a Thermal Plasma
For a plasma driven at a frequency wo, the linear theory of Chapter 2 de-
scribes the response of the plasma in terms of a single oscillation at wO with
wavevector ko. When the amplitude of the driving oscillation is large, non-linear
phenomena, or parametric processes, can be observed in the plasma response.
The three-wave coupling process is one of the simplest of such non-linear phenom-
ena. The three-wave coupling parametric process is driven by an oscillation with a
large amplitude electric field strength. The linear plasma response at a frequency
wo and wavevector ko is observed coupled to two separate oscillations at frequen-
cies w1 , W2 and wavevectors k1, k2. In this chapter, observations are reported9 8 of
a non-linear, three-wave coupling process occurring during high power electron cy-
clotron resonance heating experiments on the Versator II tokamak with a gyrotron
source.
3.1 Introduction
It is important to understand when these parametric instabilities, caused
by large amplitude oscillating electric fields, might occur during tokamak plasma
heating in the electron cyclotron frequency range. Because waves polarized in
the extraordinary mode undergo an electric field strength enhancement at the up-
per hybrid layer, such instabilities may occur during extraordinary mode heating
of a tokamak plasma at the fundamental electron frequency; particularly when
the incident waves are injected perpendicular to the toroidal magnetic field, or
during plasma pre-ionization and tokamak startup experiments. Several studies
have been made99-1 0 2 of parametric wave instabilities in tenuous, very low tem-
perature, linear devices (see also Ref. 103). Here, observations are reported9 8
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on a non-linear three-wave coupling process occurring in a dense, hot, tokamak
plasma. The observed frequency spectra and the measured threshold power level
for the parametric decay process are consistent with a model in which the inci-
dent wave power in the extraordinary mode of polarization, decays into a lower
hybrid and an electron Bernstein wave. The wave coupling is taken to occur in a
plasma layer where the frequency of the incident, or pump, wave equals approxi-
mately to the upper hybrid frequency. Parametric decay of extraordinary mode
polarized waves near the upper hybrid frequency has been observed in numer-
ical simulations.104 - 10 5 However in such computer computations, the threshold
electric field strength is derived under the assumption of uniform plasma. Theo-
retical calculations 106-108 predict that inhomogeneities may significantly raise the
threshold incident power level for parametric excitation; in agreement with the
observations reported here.
Before the observations are described, it is important to understand the
behavior of the extraordinary mode polarized wave near the upper hybrid layer.
Not only is the electric field strength enhanced near the upper hybrid layer, but
the wave becomes predominantly electrostatic in nature; that is, the wavevector
and the wave electric field are approximately parallel E1 k . At sufficiently
large values of the electric field, the extraordinary mode polarized wave near the
upper hybrid layer can couple non-linearly to distinct electrostatic waves.
3.1.1 Introduction: Behavior of the Extraordinary Mode Polarized
Wave at the Upper Hybrid Layer in the Linear Theory
The wave equation which describes extraordinary mode polarized waves
propagating perpendicular to the magnetic field is given by,
(K K Ex\(3.1)
--Kxy Kyy - 1) ( Ely) = (.)
where the elements of the dielectric tensor are given by Eq. (2.34), Eq. (2.35),
and Eq. (2.37) and where the coordinate system has been chosen so that the Y^-
component of the wavevector is identically zero ( = kP) . The ratio of the
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electrostatic component of the wave electric field (i| k) to the electromagnetic
component iL follows from the first line in Eq. (3.1) above as,
iE 1 2 -(Pce 2 (3.2)
where the elements of the dielectric tensor KXX, K.Y, and Kyy are taken in the
cold plasma limit. Note that at the plasma edge (WP -+ 0) the extraordinary
mode polarized wave is an electromagnetic wave (iE1 /Ei, -- 0), whereas near
the upper hybrid layer w c wUH where wH = ,2 + C,, the extraordinary mode
approaches an electrostatic wave (iE1 ,/E,, -+ +oo).
The electromagnetic component of the wave power flux (c/47r) E2 normal-
ized to the total wave power flux r is given by,
E7 = . (3.3)
For comparison, the electrostatic component of the wave power flux (c/47r) Eli
normalized to the total wave power flux is,
1 c 2 2 W2 
22
E4r / N 2 2 pe (3.4)
where the index of refraction for the extraordinary mode polarized wave is given
by,
() c2W . (3.5)NI-W 2 (W2 W2 e-W
Here, the calculations of the total wave power flux r (see Eq. (2.147)] and index
of refraction N 1 are done in the cold plasma limit. Comparing Eq. (3.3) with
Eq. (3.4) it is clear that near the upper hybrid layer w ~ wUH, the electrostatic
component of the wave electric field strength can be significantly larger even than
the electric field strength of the incident electromagnetic wave [see Eq. (3.3) in the
limit NI -+ 1.
The behavior of the extraordinary mode near the upper hybrid layer can be
determined by retaining the first order terms in the finite Larmor radius expansion,
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and writing the dispersion relation as a quadratic equation in N,
aNI - bN + c = 0 (3.6)
where,
W pe Te W 2
a - (3.7)
2 _ e mec2
b = W2 (3.8)
and,
(w 2 - ) 2 - 2 2
W2 (W 2 -W,2) (3.9)
The coefficient of NL is written formally109 as,
a =-2 2 2 e -8 K X (3.10)
ce 2W b,_M0 abe
and represents the lowest order finite temperature correction to the cold plasma
extraordinary mode dispersion relation. At temperatures common in tokamak
devices (Te - 1 keV) typically a < b and a < c and except near the upper hy-
brid layer where b ~ 0, the roots of the dispersion relation [see Eq. (3.6)] are
approximately,
C
N ~ C (3.11)
and,
b
i ~ - (3.12)a
The branch of the finite temperature dispersion relation described by Eq. (3.11),
is identically the cold plasma dispersion relation for extraordinary mode polarized
waves [see Eq. (3.5)]. The second branch of the finite temperature dispersion
relation given by Eq. (3.12) yields,
W W2 = U W - 2ebe (3.13)
and describes an oscillation near the upper hybrid frequency in a finite temperatUre
plasma. It is subsequently shown that the wave described by Eq. (3.13) is an
electrostatic electron Bernstein wave.
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3.1.2 Introduction: The Linear Theory of Electrostatic Waves in a
Thermal Plasma
For waves that can be described as electrostatic, the wave electric field is
approximately parallel to the wavevector (E 1 | k) and can be derived from the
gradient of a scaler potential,
E1= -Vol. (3.14)
The perturbed specie distribution function fl, is calculated from the first-order
Vlasov equation [see Eq. (2.15)] in the electrostatic limit,
t) =, J , t dt' E1 r1, t') ,fo (Vi, 1) (3.15)
where a = e, i is the specie index. The integration is performed over the un-
perturbed orbits given by Eq. (2.22) through Eq. (2.27). The first-order specie
charge density pi is defined as,
plo, (;,t) = nckqf dav fia (, 3, t). (3.16)
Substituting for the perturbed specie distribution function yields a relation be-
tween the first-order specie charge density and the fluctuating potential,
PIa (;, t) = 24 1( t) xa k (3.17)
where,
X tUp_+00 27 +00 v 
f d- +00
x2 E I J f ivi|_ dV1 .
nl= -00
n 1  w - n il, - k)i l (3.18)
Here J,(kjv 1/112,) is the ordinary Bessel function of the first kind. For con-
venience, the studies of non-linear phenomena presented in Chapter 3 assume an
isotropic (Te = Tel= T,) Maxwellian zero-order electron velocity-space distribu-
tion function,
fo.(vI, V1 ) = r/2 ev3 +vg)/(
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Substituting for the zero-order electron distribution, the function X( k,) as-
sumes the form,
O± 
00
X k2 2 1+ O' E In(ba)ebZ(na) (3.20)
where AD,, is the specie Debye length A2 a = v 2 ./2w 2
,
. Here I,(b , ) is the
modified Bessel function of the first kind, and Z( 0,c,) is the plasma dispersion
function [see Eq. (2.40) through Eq. (2.45)].
Poisson's equation is used to obtain a second relation between the first-order
specie charge density and the fluctuating potential,
F2 , , .(3.21)
Solving the coupled equations, Eq. (3.17) and Eq. (3.21), yields the electrostatic
wave dispersion relation,
E kW) =0 (3.22)
where,
E(kW =k+xe ) kW +x(k,w (3.23)
is the electrostatic dielectric constant. Here xe (k W) and Xi W are seen
to be the electron and ion contributions to the electrostatic dielectric constant,
respectively.
In the electron cyclotron frequency range w >> we, the ion contribution can
be neglected and, in the limit of propagation near-perpendicular to the magnetic
field (kj1 j 0), the electrostatic dielectric constant becomes,
2 3 2 1-
E kW)= W 2 - W 1 + 2- 4w 2-be (3.24)
where only the first-order terms in the finite Larmor radius expansion have been
retained in the electrostatic dielectric constant, and terms of order O(b2) have
been neglected. The electron Bernstein wave dispersion relation follows as,
E (k W) = 0. (3.25)
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In the limit appropriate to the experimental observations, w ~ Wce, W ~ WUH, and
U2e < 3w , the electron Bernstein wave dispersion relation is simplified to,
w 2  W H ~ Wpeb (3.26)
which is identically the oscillation near the upper hybrid frequency found earlier
[see Eq. (3.13)] as the second branch of the finite temperature extraordinary mode
polarized wave dispersion relation.
The finite temperature dispersion relation given by Eq. (3.6) describes 109 the
coupled cold plasma extraordinary mode and electron Bernstein wave. The elec-
tron Bernstein mode [see Eq. (3.12)] is seen to be a backward wave, where the di-
rection of energy flow determined from the group velocity vector v3 = dw k /ak
is anti-parallel to the wavevector. The extraordinary mode polarized wave disper-
sion relation in the cold plasma limit [see Eq. (3.11)] is a forward wave, where the
group velocity vector is parallel to the wavevector. In a behavior similar to the
extraordinary mode in the cold plasma limit [see Eq. (2.62)] the electron Bernstein
wave shown in Eq. (3.26) can only propagate (N' > 0) in the plasma region where
w < wufH. Thus, incident power in the cold plasma extraordinary mode polarized
wave is coupled,' 0 4'- 0 5 ,1 0 9-121 when the direction of energy flow reverses sign, to
the backward electrostatic electron Bernstein wave. The coupling, or mode con-
version, occurs in a plasma layer where the wave frequency equals approximately
to the upper hybrid frequency. Complete (100%) mode conversion of the incident
extraordinary mode polarized wave to the electron Bernstein wave occurs1 1 2-12 1
when the density gradient scale length is large compared to the wavelength of the
incident wave; a condition well satisfied in these experiments.
3.2 Non-Linear Theory of the Three-Wave Coupling Parametric Decay
Instability
The above linear theory describes the mode coupling of the extraordinary
mode polarized wave to an electrostatic electron Bernstein wave of the same fre-
quency. Mode coupling by non-linear processes are examined here. The elec-
trostatic electric field strength enhancement of the extraordinary mode polarized
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wave near the upper layer can drive such a non-linear process. In what follows,
the theory of the three-wave coupling parametric decay instability is derived in
the dipole approximation.
In the parametric process, a large amplitude oscillation at wO and wavevector
ko is non-linearly coupled to waves at two distinct frequencies w1 , W2 and wavevec-
tors k1 , k2 . The three-wave coupling parametric decay instability occurs when
the electric field strength of the incident wave is above a threshold value. The
coupling is further governed by the matching conditions,
wo(koi, koll) = wi (ki±, k11) + W2 (k2l, k211) (3.27)
and,
ko = k1 + k2  (3.28)
where the wave dispersion is shown as an explicit dependence of the wave frequency
on the wavenumber. The waves at w1, W2 are termed the decay waves, and the
incident wave at wO is termed the pump wave.
The coupling of distinct plasma oscillations is correctly determined by the
second-order terms in the expansion shown in Eq. (2.6) through Eq. (2.10). In
this model, the incident wave is described by the fluctuating, first-order specie dis-
tribution function. The second-order specie distribution function then describes
the decay wave oscillation, and is seen to be determined by the first-order specie
distribution through the second-order Vlasov equation,
a q - a d
-- f2. + V - Vf 2 . + MaC lv x Bo aVf2
gO, 
- 1 - B
E2 + X B2) a fo. (3.29)
ma C av
The coupling conditions shown in Eq. (3.27) and Eq. (3.28) follow naturally from
such an analysis. The calculation of the second-order response is tedious, 107
however. The calculation can be simplified if performed in the dipole limit.
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3.2.1 Non-Linear Theory of the Three-Wave Coupling Parametric De-
cay Instability: The Dipole Approximation
The decay waves at w1 , W2 are assumed to be electrostatic waves consis-
tent with the polarization of the extraordinary mode near the upper hybrid layer.
By comparing, for example Eq. (3.11) and Eq. (3.12), the wavelength of an elec-
trostatic wave is seen to be typically much smaller than the wavelength of an
electromagnetic wave at approximately the same frequency. The three-wave cou-
pling calculation can then be considerably simplified if performed in the dipole
approximation where,
ko < k1  (3.30)
and,
ko < k2. (3.31)
In the dipole limit the coupling condition shown in Eq. (3.28) yields the rela-
tion k, ~ -k 2. In this approximation, the incident extraordinary mode can
be described as a oscillating zero-order electric field. The decay waves are then
described by the first-order Vlasov equation in the electrostatic limit,
a gckL 1 A8\i
-f ,, + V - Vf~ Eo + v Bo f
af m, 0+ X 0)
q a
- El - -- fos (3.32)
m, av
where Eo = Eo cos(wot) k describes the pump wave, and k is a unit vector in the
direction of the wavevector k = k k .
The first-order fluctuations are assumed to be electrostatic, and the decay
wave electric field is then defined in terms of the gradient of a scaler potential,
E1(r,t) = -V (rt) . (3.33)
The oscillating zero-order electric field of the pump wave is now included in the
the zero-order Vlasov equation,
a q_ 134
-fo + V -V + EO+ - v =0. (3.34)(9t m - I ( g0'11
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The unperturbed orbits which follow from the zero-order Vlasov equation are,
r ,7, t; t') X,+ X(t')
v (7, 7,t; t') = u'(7, 7,t; t') + vd(t')
(3.35)
(3.36)
The unperturbed orbits are a sum of the zero-order particle oscillations at wO due
to the pump wave electric field z', v' and the unperturbed orbits in the oscillating
reference frame X', u'. The orbits which at t' = t satisfy the boundary conditions
V'(t'= t) = u + Vd and r'(t' = t) = x + Zd are:
u'X r , v, t; t') = u1 cos(Oar + 0) ,
U, (r, -', t; t') = -u 1 sin(OaT + 4)
U' , -r V, t; t') = U p ,
Z r , v, t; t') = X + [sin(rar + 4) - sin],
, t; t') = y + [cos(R24r + 0) - coso]
Z(, 7, t; t') = z + u rr;
(3.37)
(3.38)
(3.39)
(3.40)
(3.41)
(3.42)
V'dx ( r , v ,t; 1')
V'dy r,7 t; t')
-
-
V'd r ,ot '
I's r V t; t'
X 'z ,y t; t',
- E sin(wot') ,
g I I in\ w
- El 2 cos(wot') ,
ma ao -
= El (- i sin(wn '))
ma w - 2 /( /1 \- ) E cos(wot')
-
_El ( 1N cos(wot')
-Er WO )
where r = T' - t. Here Ell = (Eo -B) 1Bo and E1 = E0 - Ell (iBo.) are
the components of the pump wave electric field parallel and perpendicular to the
magnetic field, respectively.
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and,
and,
(3.43)
(3.44)
(3.45)
(3.46)
(3.47)
(3.48)
The calculation is greatly simplified if performed in the oscillating frame of
reference. The transformation is accomplished by the substitutions,
a a9 - - , (3.49)a a
av au (3.50)av a -
(9 a ga 1-
+ -O(t) + -- (t) x Bo -(3.51)
at at m" C a _U
and,
f , V, t) -+ F1 , (7, _U, t) e-k *), (3.52)
where u = v Vd(t) and _X r - Xd(t).. In the oscillating frame of reference,
the zero-order distribution is again a function of the constants of the motion
fon = fo (u2, u The first-order Vlasov equation in the oscillating reference
frame then becomes,
-i k -:zat) Fa+E -i o -i
- Bo = j
e it hs (z ,t) - fo(uI, U1) (3.53)
Here it has been assumed that the first-order quantities are denoted by a summa-
tion over many waves for example,
F1, ( _U, t) = F (u) e () (3.54)
k ,
and,
X = E- e / , (3.55)
Ikw,w
where F! u and E- are the amplitudes. As a convenience, negative fre-
k ,w F k ,w
quencies are included in the summation. For comparison with the experimental
measurements, the sign of the frequency is to be neglected.
It is convenient to write k -Xd(t) = sin(wot - i3c) where the phase factor
,3a is given by,
Ejjkj (uj' - fl') + E-ki w2
=tan 1  - + (3.56)
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- - --- --------
and the coupling coefficient ga is given by,
2 ) 2' 1/2
qa skkE0- k 0xk -
Q = - E~~ + i -+ El(3.57)
Here b = B/B is a unit vector in the direction of the magnetic field. The terms in
the coupling coefficient are, respectively: a parallel drift term, a polarization drift
term, and an 4 0 x BO term which vanishes identically for pump waves at perpen-
dicular incidence (Eo |k 1  . With this substitution, the first-order distribution
function in the oscillating frame of reference is then given by,
Fla (x,ut) = - dt' - -El ',t')(uu e
(3.58)
where the integration is performed over the unperturbed orbits in the oscillating
frame of reference Z 7, , t; t') and u2(, v, t; t'). The Bessel function identity,
-00
is substituted for convenience, and the perturbed distribution function
F, a (, 7,t) can be solved for.
The amplitudes of the first-order charge density p- and scaler potential
are defined by,
k p
p of naqak d3 u F" (3.60)
E- =-i k- (3.61)
k,wj k~w
where the latter is derived from Eq. (3.33). Substituting for the perturbed dis-
tribution function in the oscillating reference frame, yields 1 2 2 a relation between
the first-order specie charge density and the fluctuating potential,
P = --- 4 7 k, W J.(pa) e-"# (3.62)
47r k Xanw}
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where x, ( k, ) is the contribution of specie a to the electrostatic dielectric
constant c ( kw ). The zero-order specie distribution function in the oscillat-
ing reference frame is assumed to be an isotropic Maxwellian distribution and
X (k W) is then evaluated from Eq. (3.20).
Poisson's equation is used122 to obtain a second relation between the first-
order specie charge density and the fluctuating potential,
pi J,(-i.a) e- . (3.63)k- k ,w+nwo
The coupled equations, Eq. (3.62) and Eq. (3.63), describe the wave power in the
pump wave at wo coupled to an infinite set of decay waves at w, w - nwo where n
can be any integer value [see also Eq. (3.17) and Eq. (3.21) for the results of the
linear theory]. As the argument of the Bessel function, the coupling coefficients
It and pi determine the strength of the coupling. The pump wave can couple
to two distinct types of plasma oscillations. The pump wave can couple to those
oscillations at w - nwo where n = ±1, ±2, ±3, ... that are resonant plasma os-
cillations and satisfy a dispersion relation e (kw - nwo = 0. Here the decay
wave is a resonant plasma oscillation. Decay into a quasi-mode12 2 1 2  occurs
when the pump wave couples to an oscillation that is itself strongly coupled to
a particle species (w - nwo) /k ~ vtha. An oscillation which does not satisfy
the above conditions is termed non-resonant, and non-linear coupling to such an
oscillation cannot occur. The amplitude of the coupling is determined by the
coupling coefficient pa weighted by the ordinary Bessel function of order n. In
the case of weak coupling g, < 1 only the Bessel functions of order n = 0, ±1
are non-vanishing. These lowest order terms describe the coupling between the
pump wave at wo and the decay waves at w, w ± wo. Thus the analysis yields
directly the frequency matching condition wo = wI +w2 where, neglecting the sign
of the frequency, wI = w and W2 = wo w. The wave at wi = w is termed the low
frequency mode, and the waves at W2 = wo + w and W2 = wo - w are here termedt
the upper and lower sidebands, respectively.
t In the literature, the decay waves at w2 = wo - o and w2 = wo + w are also referred to as
the Stokes line and anti-Stokes line, respectively.
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In the electron cyclotron frequency range w - w, the coupling due to the
ion motion may be neglected pi -_ 0. The weak coupling limit is assumed Ae < 1
and the Bessel functions are expanded as,
2
J0(e + _.. O(A4) , (3.64)
and,
2
Ji(,,e) = + ... O(,4) , (3.65)4
where the higher order terms J,(p,) for n > 2 are of order 0 (p) and are here
neglected. From the coupled equations Eq. (3.62) and Eq. (3.63), the parametric
dispersion relation 10 , 1 25 is obtained after some algebra,
+ ixxe + (X - Xi)(XX- X) + + (X' - Xi)(X+ - xe)
4 E E- 66 f ,+
(3.66)
where,
E =1+ Xi + xe, (3.67)
Ea=1+X +Xf, (3.68)
and,
XCkXa k, ) , (3.69)
Xce Xc k IWi±WO. (3.70)
Here a = e, i denotes the specie index and terms of order 0 (11) have been ne-
glected. The parametric dispersion relation describes the non-linear coupling of
wave energy in the pump oscillation at a frequency wo to the decay waves at w,
w ± wo. The threshold electric field strength for the parametric process is ob-
tained from Eq. (3.66) in the limit where the coupled growth rate vanishes. In
calculating Eq. (3.66) the identity of the electrostatic decay waves has not been
restricted. Once the decay waves have been identified, the parametric dispersion
relation is used to calculate the threshold pump wave electric field strength for
the parametric decay process. In what follows, the experimental observations are
described.
169
3.3 Observation of the Parametric Decay Instability During Extraor-
dinary Mode Heating of the Versator II Tokamak
In the previous section, the parametric dispersion relation has been derived
describing the coupling of a long wavelength incident wave at a frequency W0
to short wavelength decay waves at frequencies of w, = w and w2 = Wo ± w.
The incident waves are generated by a gyrotron oscillator126 at a frequency of
wo/27r = 35.08 GHz. High power microwave generation by the electron cyclotron
maser instability mechanism (gyrotron oscillator) is reviewed elsewhere.12 7-1 3 2
Here, observations of parametric processes are reported9 8 during high power elec-
tron cyclotron resonance heating of the Versator II tokamak at the Massachusetts
Institute of Technology.
3.3.1 Observation of the Parametric Decay Instability During Extraor-
dinary Mode Heating of the Versator II Tokamak: Introduction
A schematic diagram of the parametric decay process is shown in Fig. 3.1
where the spectral wave power is plotted as a function of the wave frequency. The
values of the spectral power are arbitrary but are drawn to be consistent with the
weak coupling approximation where the spectral power in the pump wave at w0 , ko
(wo/2ir = 35.08 GHz) is larger than either the spectral power in the lower sideband
at W2 ,k 2 or the spectral power in the low frequency mode at wl, kj. The upper
sideband has been neglected and it is assumed that w, < wo. The three-wave
coupling conditions are shown in the inset.
The incident wave at wo/27r = 35.08 GHz is in the Ka-band frequency
range (WR-28 band 26.5-40 GHz). The sideband decay waves at the frequencies
w = wo ± w, will also be in this frequency range when w, < wo. An instru-
ment, here termed the Ka-band detector, has been constructed to measure plasma
emission near w - wo with the aim of detecting radiation from the sideband de-
cay waves. The frequency range over which the Ka-band detector is operable
is shown in Fig. 3.1. A second instrument, here termed the electrostatic probe,
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Fig. 3.1: Shown is a schematic diagram of the parametric decay process. The
spectral wave power is plotted as a function of wave frequency. The
pump wave at wo/27r = 35.08 GHz decays into a low frequency mode
at wl/27r and into a lower sideband at W2 /27r. To indicate how each
decay wave is observed, the frequency ranges of the electrostatic probe
detector and of the Ka-band detector are also shown. The three wave
coupling process is governed by the frequency and wavevector matching
conditions shown in the the upper right hand corner. In the figure,
an underscore indicates a vector quantity.
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has been constructed with the aim of detecting radiation at a frequency w = W,
from the low frequency mode decay wave. The frequency range over which the
electrostatic probe is operable is also shown in Fig. 3.1. Before these instruments
and their measurements are examined, the electron cyclotron heating experiment
is described.
3.3.2 Observation of the Parametric Decay Instability During Extraor-
dinary Mode Heating of the Versator 11 Tokamak: The Electron
Cyclotron Resonance Heating Experiment
The three-wave coupling parametric decay instability is observed 98 during
electron cyclotron resonance heating of the Versator II tokamak. The microwave
power source for these experiments is a Naval Research Laboratory gyrotron capa-
ble of producing microwave output power levels approaching 150 k W at a frequency
of wo/27r = 35.08 GHz. The gyrotron,"2  microwave transmission system, 2 -30
and electron heating results 2 6 - 31 have been described elsewhere.
The linear dimensions of the Massachusetts Institute of Technology Versator
II tokamak are approximately half those of the ISX-B tokamak described earlier.
The Versator II tokamak operates with a major radius Ro ~ 40.5 cm, minor radius
a ~ 13 cm, horizontal shift bm < 0.5 cm, vertical offset 6, ~ I1cm, and approxi-
mately circular flux surfaces El ~ 0, co ~ 0, and A ~ 0. The toroidal magnetic
field is fixed at BO(R = Ro) ~ 12.5kG and the fundamental electron cyclotron
resonance layer is near the center of the vacuum vessel w() ~ cee(R = RO). The
line-averaged electron number density along a vertical chord at R Ro is typi-
cally in the range of fie ~ (2 x 1012) cm- 3 to (1 x 1013) cm- 3, and the central
electron temperature is in the range of Te(p = 0) ~ 200 eV to 350eV. The elec-
tron density and electron temperature profiles are approximately parabolic and
parabolic-squared, respectively (p = 2, q = 1, r = 2, s = 2). The central ion
temperature is approximately Ti(p = 0) = 100 to 160eV with an approximately
parabolic profile. The Versator II tokamak is typically operated at a pulse length
of approximately 30 msec with a toroidal current Ip ;, 50kA and Zeff ~ 2 (Ti
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gettered torus).
The experimental arrangement is illustrated by the poloidal cross section of
the Versator II tokamak plasma shown in Fig. 3.2. The waveguide carrying the
microwave power at w/27r = 35.08 GHz terminates on the high magnetic field side
of the toroidal field where a reflecting mirror directs the power toward the central
region of the plasma. The antenna pattern can be approximated as a pencil-
beam having a half width at the half power points (half-angle) of ~10*. The
microwave power can be partially absorbed at the fundamental electron cyclotron
resonance layer.. After passing through the wo = wce layer the microwave power
is incident on the upper hybrid layer wo = wuM. The speckled region shown in
Fig. 3.2 denotes the evanescent region between the upper hybrid layer and the
right-hand cutoff WUH < wo < WR where the extraordinary mode polarized wave
cannot propagate [see Eq. (2.66)].
A schematic diagram of the Ka-band detector is also included in Fig. 3.2
and the operation of this receiver will be described shortly. The plasma, the
outside limiter, and the reflecting mirror are drawn to scale in Fig. 3.2. For
clarity, the distance between the tokamak axis at R = 0 and the wo = W,, layer
at R = RO has been shortened. The outside limiter has been included in the
figure to emphasize that the Ka-band detector is a non-perturbative instrument,
external to the vacuum vessel. Radiation from the decay waves can propagate
from the plasma to the Ka-band detector through a pyrex vacuum window (not
shown in Fig. 3.2).
The Naval Research Laboratory gyrotron radiates into the TEO, mode of a
circular waveguide. This is converted13 3 in the transmission system to the TE11
mode of a circular waveguide. As a result, the antenna launches a near-linearly
polarized electric field vector.
After several quasi-optical mitre bends, the final section of the circular wave-
guide enters the vacuum vessel in the poloidal plane of the torus. The waveguide
is terminated by a quartz microwave transparent vacuum window. The reflecting
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Geometry of the Versator II electron cyclotron resonance heating ex-
periment showing the incident radiation from the gyrotron at wo/21r =
35.08 GHz, the electron cyclotron resonance layer at wo = we, the
upper hybrid layer at wo = wUH, and the evanescent region for the
incident extraordinary mode polarized waves (shown speckled). Also
shown is an abbreviated block diagram of the Ka-band detector used
to observe the lower sideband decay wave.
175
Fig. 3.2:
crr
a- Z cjL
(fl<c 90cr
LLEZI
IdO-
C-LI
0
0l
UD
Cr)
ONII03-1-43
H
x
0-
2
0
cr
UL
Z Z
00
X
F-
0
Cr 0
17(-
mirror is fastened to the waveguide terminus and can be rotated about an axis
parallel to, and through the center of, the final section of the circular waveguide.
In Fig. 3.2, the axis of rotation of the reflecting mirror lies in the plane of the draw-
ing (see also Ref. 30). The effect of rotating the reflecting mirror is to change
both the angle of incidence and the polarization of the incident radiation. The
angle of incidence 0 relative to the poloidal plane (normal to the direction of the
toroidal magnetic field) can be varied through -4 0 * < 0 < +40'. Here positive
angles denote injection along the direction of the toroidal current, and negative
angles denote injection counter to the toroidal current. In Fig. 3.2 the reflecting
mirror is shown in the limit of waves launched at exact perpendicular incidence to
the magnetic field (0 = 00).
The polarization of the incident radiation is characterized by the angle V;
between the wave electric field vector as launched by the antenna, and the direction
of the magnetic field. As a function of the angle of rotation of the reflecting mirror,
the angle P = 0(0) is given by,
V)(0) cos 1 ([cos0 cos(0 + 00)] cosOB
+ [cosOosin cos(O + Oo) + sin~osin(O + 0 o)] sinOB) (3.71)
where OB ~ (a/Ro) 0 accounts for the finite curvature of the toroidal magnetic
field, and 00 = 40 accounts for the polarization of the TE 1 mode in the cir-
cular waveguide of the transmission system. The functional dependence 7(9)
shown above, is applicable only to the Versator II electron cyclotron resonance
heating experiment antenna geometry. The component of the electric field vec-
tor launched by the antenna along the direction of the toroidal magnetic field is
Ell = E coso, and the electric field component perpendicular to the direction of
the magnetic field is E1 = E sink. The fraction Tx of the incident microwave
power coupled to the extraordinary mode polarization is given approximately by
Tx~ EI/ (E2 + E2 or,
Tx ~ (1 - cos2p) (3.72)
In all the experiments reported here, the angle of rotation of the reflecting mirror
was fixed at 0 = +20', and in excess of 70% of the incident power was coupled
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to the extraordinary mode polarized wave in the plasma. Note that when the
reflecting mirror was rotated to correspond to the ordinary mode polarization
(8 ~ -20*) no parametric decay instabilities are seen.
A bi-directional coupler in the transmission system monitors 133 the mi-
crowave power both incident to and reflected from the plasma. Electrical break-
downs either in the transmission system or at the vacuum window could be ob-
served as a rapid change in the incident and reflected monitor signals. Typically
an electrical breakdown can both reduce the total power radiated by the antenna
and alter the electric field polarization. No such electrical breakdown phenomena
were observed during the experiments reported here.
3.3.3 Observation of the Parametric Decay Instability During Extraor-
dinary Mode Heating of the Versator II Tokamak: The Ka-band
Detector and Spectral Measurements of the High Frequency De-
cay Wave
In order to observe the parametric decay phenomena near the pump wave
frequency wo/27r = 35.08 GHz, a Ka-band microwave superheterodyne receiver is
connected to a horn antenna (see Fig. 3.2). A complete diagram of the microwave
components which comprise the Ka-band detector is shown"' in Fig. 3.3. An
Impatt diode serves as a local oscillator and delivers a constant microwave power
level of -3 mW to the mixer. The oscillation frequency of the Impatt diode local
oscillator is tuned to the gyrotron output frequency WLO = wo/27r = 35.08 GHz.
A fraction of the local oscillator power is coupled to a frequency meter and the
frequency and output power of the Impatt oscillator are continuously monitored.
During the course of experimentation, the Impatt diode frequency is observed to
drift up to ±10 MHz from its nominal setting. However, this frequency drift is
much less than the observed width of the decay wave frequency spectra and can
be neglected.
A standard gain (-15 dB) microwave horn in Ka-band is used to collect the
radiation. The receiving horn is located on the low magnetic field side of the
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Shown is a detailed diagram of the Ka-band detector used to observe
the sideband decay wave radiation. The output of the mixer is con-
nected directly to a spectrum analyzer (not shown in the figure). The
waveguide switch is shown positioned so as to connect the horn antenna
to a variable attenuator and detector. When the waveguide switch is
in this position, the total power in the received signal can be moni-
tored. During the experiments, the waveguide switch is positioned so
as to connect the receiving antenna to the mixer.
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torus directly opposite the rotating mirror in the 0 = 0 plane. The receiving
horn is external to the vacuum vessel and the observed radiation propagates to
the receiving horn through a partially transparent Pyrex vacuum window. The
horn is oriented135 to receive the ordinary mode polarization. The microwave
horn is followed by a waveguide stop-band filter136 (see also Fig. 3.2) to protect
the mixer from excessive power at the gyrotron frequency. The stop-band filter
consists of four high-Q tunable cavities coupled to the sidewalls of a WR-28 (Ka-
band) waveguide. The cavity sizes are adjusted to maximize the insertion loss
at the gyrotron frequency wo/27r = 35.08 GHz. In the waveguide, the coupling
holes are spaced at integral AG/4 intervals where Ag is the wavelength in WR-28
waveguide of an oscillation at a frequency wo/27r = 35.08 GHz (A G/4 = 0.1052in).
The waveguide filter has a measured peak attenuation at the gyrotron frequency
of approximately -40 dB and a half-width at the -3 dB point of -200 MHz. The
insertion loss of the waveguide stop-band filter is shown in Fig. 3.4. In practice,
the stop-band of the waveguide filter is sufficiently narrow so as not to perturb the
measured decay wave spectrum. The waveguide stop-band filter was built under
the supervision of K. E. Hackett and is further described elsewhere. 3 1' 1 3 6
During the experimental measurements, the signals transmitted by the wave-
guide stop-band filter are connected by a waveguide switch to a broadband variable
attenuator and subsequently passed to the mixer. 137 The variable attenuator is
set to limit the total power in the received signal incident on the mixer. The
mixer is directly attached to a spectrum analyzer where the difference frequency
ti = wWLO - WRF between the local oscillator frequency WLO and the received
signal frequency WRF is displayed. When the local oscillator is tuned to the
gyrotron frequency WLO = wo the spectrum analyzer displays the spectral inten-
sity of the received signal as a function of Aw the frequency mismatch (reference
frequency) from the gyrotron frequency. The instrumental bandwidth, defined
as the full width at the half power points about the spectrum analyzer reference
frequency, is typically set to -3 MHz.
For testing and calibration, the waveguide switch is set to the position shown
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Shown is the measured insertion loss in dB of the waveguide stop-band
filter plotted as a function of signal frequency The peak attenuation is
seen to occur at the gyrotron frequency w/27r = wo/27r = 35.08 GHz.
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in Fig. 3.3. Here, the signals transmitted by the waveguide stop-band filter are
now connected to a second broadband variable attenuator and subsequently passed
to a calibrated crystal detector. With the waveguide switch in this position, the
(weak) total power in the received signal can be monitored. Here also, the mixer
is simultaneously connected to a waveguide termination (see Fig. 3.3) and only the
local oscillator signal is incident on the mixer. During the experiments all of the
Ka-band detector, with the exception of the receiving antenna, is placed in an RF
shielded enclosure, and the mixer is further isolated by a covering of microwave
absorbent material (Emerson & Cumming, Eccosorb AN72 to greater than 1 in
thickness). When the waveguide switch is positioned as shown in Fig. 3.3, the
signals displayed at the spectrum analyzer result only from electrical transients
or other spurious signals that may be coupled to the mixer from sources other
than the receiving antenna. During the experiments, no electrical transients or
spurious signals were observed. Subsequently, the waveguide switch is positioned
so as to connect the mixer with the receiving antenna.
Typical photographs of the spectrum analyzer output are shown in Fig. 3.5
obtained from the Ka-band detector during high power injection of the extraordi-
nary mode polarized wave at wo/27r = 35.08 GHz. The figure is obtained during
high power electron cyclotron resonance heating in the steady-state portion of
the Versator II tokamak discharge. In the figure, the radiation intensity (decay
wave spectral power) is shown as a function of time at 1 msec per horizontal divi-
sion. The noise level of the spectrum analyzer corresponds to the bottom of the
grid and the radiation intensity increases at +2 dB per vertical division thereafter.
For reference, a time history of the incident gyrotron power is also shown. Here,
the gyrotron delivers an output power of approximately 100 kW for a period of
~8 msec.
In Fig. 3.5(a) the spectrum analyzer reference frequency is swept at the rate
of 100 MHz/msec, which corresponds to 100 MHz per horizontal division. The
apparent resonance near the beginning of the gyrotron pulse defines the point of
zero difference frequency from the local oscillator (gyrotron) frequency wo/27r =
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Radiation intensity measured with the Ka-band spectrum analyzer
showing (a) spectral power as a function of frequency and (b) the tem-
poral variation of the radiation intensity at a difference frequency of
Znw = 425 MHz. In (a) the first resonance on the left is at the reference
(gyrotron) frequency wo/27r = 35.08 GHz.
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35.08 GHz. The broadening of this resonance arises from 1/f noise generated by
the Impatt diode local oscillator. The detected parametric decay wave spectrum
centered at a frequency of approximately Aw ~ 400 MHz away from the gyrotron
frequency wo/27r is clearly evident.
If the local oscillator frequency is not tuned to exactly the gyrotron fre-
quency but is mismatched by b5w, a third resonance would appear in Fig. 3.5(a)
at the mismatch frequency. In addition to the frequency meter built into the
Ka-band detector apparatus (see Fig. 3.3), this effect provides a second continu-
ous monitor of the frequency tuning. When the local oscillator is intentionally
mismatched from the gyrotron frequency, the natural linewidth of the gyrotron
oscillator can be studied. The spectral width of the gyrotron is observed to be
less than -1 MHz (bwo/wo < 10-4) and the pulse-to-pulse frequency stability is
also less than approximately this same order of magnitude. The accuracy of the
above measurement is limited by the bandwidth and frequency stability of the Im-
patt diode local oscillator, and thus bwo/wo < 10-4 represents an upper bound to
both the spectral bandwidth and pulse-to-pulse frequency stability of the gyrotron
oscillator.
In Fig. 3.5(b) the spectrum analyzer reference frequency is not varied, but
instead the time-history of the parametric decay wave spectrum is monitored at
a fixed difference frequency of £^w = 425 MHz from the gyrotron frequency. The
signal is observed to remain approximately constant during the course of the high
power microwave injection. Therefore the signal shown in Fig. 3.5(a) is not a
temporal effect, but yields a true measure of the decay wave frequency spectrum.
The parametric decay wave spectrum measured by the Ka-band detector
during the steady-state portion of a Versator II discharge at a line-averaged elec-
tron number density of f, = 0.52 x 1013 cm- 3 is shown in Fig. 3.6 for a gyrotron
output power of 120kW. The solid line is the wave spectrum obtained from a
single plasma discharge when the spectrum analyzer reference frequency is tem-
porally varied during the course of the microwave injection [see Fig. 3.5(a)]. The
symbols are obtained from a series of similar plasma discharges where the spectrum
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analyzer reference frequency is held at a fixed value during each of the separate
discharges [see Fig. 3.5(b)]. The decay wave spectrum is plotted in units of the
absolute frequency W2/27r assuming the wave spectrum to denote the lower side-
band decay wave as shown in Fig. 3.2. Note that the Ka-band detector is itself
incapable of differentiating between the upper and lower sideband decay waves, as
the response of the spectrum analyzer is insensitive to the sign of the difference
frequency Aw. However, when the pump wave frequency is near the upper hybrid
frequency wo = wUH the upper sideband at frequency w > wo is non-resonant [see
Eq. (3.13) and Eq. (3.26)] and can be neglected.
The intensity of the lower sideband decay wave, measured at the center
frequency of the decay wave spectrum, is a strong function of the gyrotron (pump
wave) incident power. This is illustrated in Fig. 3.7 for two values of the line-
averaged electron number density. In both cases, a threshold incident power level
of approximately 50 kW is obtained below which non-linear parametric phenomena
are not observed. There is a tendency to have somewhat lower threshold power
levels at lower values of the electron number density (see Fig. 3.7).
3.3.4 Observation of the Parametric Decay Instability During Extraor-
dinary Mode Heating of the Versator II Tokamak: The Electro-
static Probe and Spectral Measurements of the Low Frequency
Decay Wave
In order to observe the low frequency branch w, < wo of the three-wave
coupling process (see Fig. 3.1) the spectrum analyzer is connected directly to an
electrostatic probe. The probe can be described as simply a coaxial transmission
line where, at the probe tip, the outer conductor is cut back to expose a short
length of the center conductor. To detect the electrostatic plasma oscillations,
the probe is physically immersed in the plasma in the region between the limiter
radius and the vacuum vessel wall (p > a). The probe cannot be located at
smaller values of the minor radius (p < a). as the runaway electron flux inside the
limiter radius typically erodes and eventually destroys the probe tip. The probe
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Shown is the parametric decay wave frequency spectrum measured by
the Ka-band detector during high power electron cyclotron resonance
heating of a Versator II tokamak plasma at a frequency of wo/27r =
35.08 GHz. The radiation intensity is plotted as a function of the
lower sideband decay wave frequency w2 /27r. The solid line is the
spectrum obtained from a single plasma discharge when the spectrum
analyzer reference frequency is varied during the microwave injection.
The symbols are obtained from a series of similar plasma discharges
with the spectrum analyzer reference frequency varied on a shot-to-
shot basis.
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Shown is the observed radiation intensity of the lower sideband decay
wave at w2 /27r = 34.68 Ghz obtained with the Ka-band detector and
plotted as a function of the incident microwave power at wo/27r =
35.08 GHz delivered by the gyrotron oscillator. The filled triangles
denote a central chord line-averaged electron number density of i, =
0.45 x 1013 cm- 3 and the filled circles denote ii = 0.68 x 1013 cm-3.
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was designed by S. F. Knowlton and is described elsewhere.1 38 Some aspects of
the probe construction are reviewed below.
The probe tip and the initial -5cm section of transmission line which is
exposed to the plasma, are constructed of materials that are resilient to plasma
erosion: the probe tip and center conductor of molybdenum, the outer conduc-
tor of stainless steel, and the dielectric a tube of alumina ceramic. Except at
the probe tip, the probe is surrounded by an electrically isolated stainless steel
outer shield which is separated from the outer conductor by a second tubular
ceramic insulator. The cross-sectional dimensions of the dielectric and outer con-
ductor of the transmission line are chosen to yield a characteristic transmission
line impedance of 50 Ohm. A terminated section of coaxial transmission line con-
structed in this fashion and tested at 1 GHz showed 3 ' a voltage standing wave
ratio VSWR < 1.3.
The initial section of transmission line described above is connected to a
length of semi-rigid copper coaxial transmission line of 50 Ohm characteristic
impedance. At the vacuum vessel boundary, the copper coaxial transmission
line is welded into a ceramic insulator and, along with the teflon dielectric, simul-
taneously serves as the vacuum seal. Outside of the vacuum vessel, a coaxial cable
connects the probe to the spectrum analyzer. Because the probe is constructed
entirely of coaxial transmission line with a 50 Ohm characteristic impedance, the
operating bandwidth of the probe can be very large. Chapter 4 describes mea-
surements made with such a probe to frequencies in the microwave region.
The low frequency parametric decay wave spectrum measured by the elec-
trostatic probe is shown in Fig. 3.8. As was the case for the lower sideband decay
wave spectrum (see Fig. 3.6), the low frequency decay wave spectrum is measured
during electron cyclotron resonance heating in the steady-state portion of a Ver-
sator II discharge at a line-averaged electron density ie = 0.52 x 101 3 cm-3 and a
gyrotron output power of 120 kW.
The lower frequency decay spectra show a maximum at a wave frequency
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Shown is the parametric decay wave frequency spectrum measured by
the electrostatic probe during high power electron cyclotron resonance
heating of the Versator II tokamak plasma at a frequency of wo/27r =
35.08 GHz. The spectral intensity observed by the probe is plotted
as a function of signal frequency w,1/2r. The symbols are obtained
from a series of similar plasma discharges with the spectrum analyzer
reference frequency varied on a shot-to-shot basis.
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w,/27r ~ 400 MHz which is identically the frequency- difference between the peak
of the lower sideband decay wave spectra at W2/2ir ~ 34.68 GHz (see Fig. 3.6)
and the gyrotron output frequency of wo/27r = 35.08 GHz. Thus the frequency
matching condition wo = w1 + W2, characteristic of three-wave parametric decay
processes, is satisfied.
Also observed in Fig. 3.8 is a resonance at a frequency of 800MHz. This
resonance appears to be a second harmonic of wl. It is not known whether this
is a wave from the bulk of the plasma generated" by a non-linear cascade of the
decay phenomena, or whether this resonance is generated" 0 in the sheath of the
probe. In what follows, the resonance at 800 MHz is ignored.
3.3.5 Observation of the Parametric Decay Instability During Extraor-
dinary Mode Heating of the Versator II Tokamak: Decay Wave
Identification
The frequency spectrum of a non-linear three-wave parametric decay process
has been measured. The pump wave at wo/27r = 35.08 GHz is observed to couple
to a low frequency wave at w,/27r = 400MHz and to a lower sideband decay
wave at W2 /2ir = 34.68 GHz. The three-wave interaction described above is
assumed to occur in a plasma layer where the frequency of the pump wave equals
approximately to the upper hybrid frequency since in this layer the electric field
strength of the pump wave is predicteds5 10 5 -10 6 ,110 [see Eq. (3.4)] to be largest.
The two decay waves w, and W2 are assumed to propagate near-perpendicular
to the toroidal magnetic field so that the parallel wave numbers ki and k2l are
approximately equal t6 zero. The effect of finite parallel wave number will be
examined subsequently.
The decay waves are assumed to be electrostatic waves consistent with the
polarization of the extraordinary mode polarized (pump) wave near the upper
hybrid layer [see Eq. (3.4)1. The pump wave near the upper hybrid layer and the
two decay waves, namely the lower hybrid mode of frequency w, and the electron
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Bernstein mode of frequency W2r are assumed to satisfy dispersion relations of the
form,
Wt(OWe, Wee) = W JH, (3.73)
W j(bie, Lpe, wee) = [1 fi + (3biewcewciT) / (W1Te)J , (3.74)
W (b2e, Wpe, wee) = W'q - W2eb2e , (3.75)
where b =k2r± , be =k 2r 2 and WLH = W ,/ (1 + W,2W2 )1/2 is the lower
hybrid frequency. The lower hybrid wave dispersion relation shown in Eq. (3.74)
is obtained14 1 from the electrostatic wave dispersion relation [see Eq. (3.23)] in
the limit kl/ki_ ~ 0, ble < 1, bi >> 1, and Loi < W, < Wee. The elec-
tron Bernstein wave dispersion relation shown in Eq. (3.75) is obtained from the
electrostatic wave dispersion relation in the limit k2 j/k 2 ± ~ 0, W 2 <4w« 2
b2e < 1, and W2 - Wce,WUH [see also Eq. (3.26)]. In the dipole limit where
the wavelength of the pump wave is assumed to be large ko -+ 0, it follows from
the wavevector selection rule k0 = ic + k 2 that kI, = -k 21 = ki and thus
bie = b2e = be. In writing the dispersion relations Eq. (3.73), Eq. (3.74), and
Eq. (3.75) the functional dependence on the unknown quantities be, wpe, and Wee
is shown explicitly. The unknown quantities can be obtained by solving the three
coupled dispersion relations Eq. (3.73), Eq. (3.74), and Eq. (3.75)using the fre-
quency selection rule wo = w 1 + w 2 . From the experimentally obtained values
wo/27r = 35.08 GHz, w1 /2r = 400 MHz, and assuming Te/T ~ 2, the sought-after
quantities are obtained: be ~ 0.134, wP/27r ~ 14.4 GHz (n, ~ 0.26 x 10"s cm-3),
We/27r ~ 32.0GHz (Bo ~ 11.4kG), and wl/kwvihi ~ 1. From the now-known
values of ne and BO, and from the approximately-known spatial profiles of the
plasma density and magnetic field, the approximate location along the wo ~ wuH
layer can be estimated. The most likely spatial location of the parametric decay
instability derived from the values of ne and BO shown above, is approximately
that portion of the wo ~ WUH layer illuminated by the peak electric field strength
(maximum directivity) of the launching antenna (see Fig. 3.2). Furthermore the
values of the wavevector and plasma parameters obtained above, satisfy the a pri-
or' assumptions be 1, bi > 1, and w 2 < 4w2 . The use of the above dispersion
relations Eq. (3.73), Eq. (3.74), and Eq. (3.75) is thus supported. The spatial
197
location of the parametric decay phenomena is predicted to be near the plasma
edge (p/a ~ 0.8). This may explain why the apparently heavily-damped lower
hybrid ion quasi-mode (wl/kVthi - 1) does not lead to ion heating in the param-
eter range of this experiment; in these outer regions of the plasma the particle
confinement of energetic ions is poor.
It is important to discuss how these decay waves can be observed in the
experiments. After propagation away from the interaction region, the condition
wl/kivthi - 1 may no longer be satisfied and the (now less intense) lower hybrid
decay wave propagates with only collisional damping in the cold (T -- 0) edge
plasma near the limiter radius. There, the lower hybrid wave power can be
detected directly by the electrostatic probe. The electrostatic electron Bernstein
wave must undergo conversion to an electromagnetic wave before it can be detected
by the Ka-band antenna situated outside the vacuum chamber. For example,
the electron Bernstein wave can mode convert at the W2 = WUH layer to the
extraordinary mode polarized electromagnetic wave. 109,111-121 The extraordinary
mode polarized wave may subsequently propagate to the high magnetic field side
of the plasma (see Fig. 3.2). At the inside wall of the vacuum vessel, the wave
power can be partially reflected into the ordinary mode polarization.1 2- 14 The
ordinary mode polarized wave is only weakly damped in the Versator II plasma
[see Eq. (2.81)]. Thus the wave power, now in the ordinary mode polarized
electromagnetic wave, can propagate through the plasma cross section, exit at the
Pyrex vacuum window, and is well coupled to the Ka-band horn antenna situated
outside the vacuum chamber.
The decay wave frequency spectra is observed over a finite bandwidth
wi/27r ~ (400 ± 25) MHz. Using the values wo/27r = 35.08 GHz, Te/Ti ~ 2,
and taking for w, the lowest frequency in the observed decay wave spectrum
w1/27r 375 MHz, the sought-after quantities obtained from the selection rule
wo = w1 + w2 and the coupled equations Eq. (3.73), Eq. (3.74), and Eq. (3.75)
are now: be ~ 0.227, wpe/27r ~ 10.7 GHz (ne ~ 0.14 x 1013 cm- 3 ), ,c,/27r ~
33.4 GHz (BO ~ 11.9kG), and wl/klvthi ~ 1. The likely spatial location of the
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parametric decay instability derived from the above values of ne and BO is a re-
gion near the upper hybrid layer at a larger minor radius (lower value of n,)
than that derived from the w1/27r = 400 MHz example presented earlier. Con-
versely the sought-after quantities obtained from the values wo/27r = 35.08 GHz,
Te/Ti ~ 2, and taking for wi the highest frequency in the observed decay
wave spectrum w1/27r = 425MHz, are now: be ~ 0.088, wpe/27r = 18.4GHz
(ne 0.42 x 1013 cm- 3 ), wce/27r = 29.9GHz (Bo ~ 10.7kG), and w1/kwvLthi - 1.
The likely spatial location of the decay instability derived from these new values
of ne and BO is a region near the upper hybrid layer at a smaller value of the
minor radius (higher value of ne) than that derived from the w1/27r = 400MHz
case. The several values of ne and B presented here are approximately consistent
with the cross-sectional area of the wo ~ WUH layer illuminated by the finite solid
angle of the transmitting antenna (see Fig. 3.2). Thus the bandwidth observed
in the decay wave frequency spectra likely arises from inhomogeneities in electron
number density and zero-order magnetic field strength across the plasma region,
illuminated by the half-angle of the transmitting antenna, where the parametric
decay phenomena are occurring.
The finite parallel wave number of the incident extraordinary mode polarized
(pump) wave is also coupled to the decay waves. The wavevector selection rule
ko = k1 + k 2 yields kol = ki + k2 i where ko ~ (wo/c) sinO. Here the angle
0 ~ 200 is determined by the transmitting antenna. In what follows, two cases
are examined. First, the parallel wavenumber of the lower sideband decay wave
is assumed negligible k 2l1 ~ 0, but the parallel wavenumber of the low frequency
decay wave is retained. Including the finite parallel wavenumber in the the low
frequency decay wave dispersion relation, the lower hybrid mode of frequency w1
and parallel wavenumber ki must now satisfy the dispersion relation,
2
'b' 2 K k~1 m, 6 ww T
W (bie,wpe,Wce) = W + 2 +3b W Te (3.76)LM k m Wi Til
where the functional dependence on the unknown quantities bie, wpe, and We
is shown explicitly [see Eq. (3.74)]. The lower hybrid wave dispersion rela-
tion is obtained... from the electrostatic wave dispersion relation in the limit
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k1 ji/ki- < 1, bi, < 1, b1i > 1, and wi < w < Wee. In the dipole
limit koI -+ 0 it follows from the wavevector selection rule kco = k1 + k2 that
ki- = -k 2 1 = k 1 and bie = b2e be. When the parallel wavenumber of
the lower sideband decay wave is neglected k2 1 -+ 0, the wavevector selection
rule yields ki, = kj. Using the experimental values wo/27r = 35.08 GHz,
wi/2ir = 400MHz, Te/Ti ~ 2, 0 = 20*, and Te ~ 100eV, the unknown quan-
tities obtained from the frequency selection rule wo = wi + W2 and the coupled
equations Eq. (3.73), Eq. (3.76), and Eq. (3.75) are found to be: b, -- 0.196,
ope/2r = 12.0GHz (ne ~ 0.18 x 10 3 cm-3), wUi /27r = 33.0GHz (Bo = 11.8 kG),
ki/k- ~ 1.15 x 10-2, WL/ikLVthi ~ 1, and wi/klVthe ~ 1. These values of ne
and Bo are similar to those obtained earlier when the parallel wavenumber of the
incident extraordinary mode polarized (pump) wave was neglected. Thus when
the finite parallel wavenumber of the pump wave is retained, and the parallel
wavenumber of the lower sideband is neglected (k211 ~ 0), the low frequency decay
wave is found to be an electron-Landau quasi-mode (Wi/kVpthe ~).
In the second case, the parallel wavenumber of the lower sideband decay
wave is retained, but the parallel wavenumber of the low frequency decay wave is
assumed negligible kill ~ 0. Including the finite parallel wavenumber in the lower
sideband decay wave dispersion relation, the electron Bernstein mode of frequency
W2 and parallel wavenumber k 211, must now satisfy the dispersion relation,
2 = 2 211 2" '2 e ' W2(b2e,Wpe,Wce)= WUH + w 2 e eb2e (3.77)
where again, the functional dependence on the unknown quantities b2e, wpe, and
Wce is shown explicitly [see Eq. (3.75)]. The electron Bernstein wave dispersion
relation is obtained from the electrostatic wave dispersion relation in the limit
k2j/k2_ < 1, wp < 4wce, b2e < 1, and W2 - Wce,WUH. In the dipole limit
ko -+ 0 it follows from the wavevector selection rule k- = k1 + k 2 that ki- =
-k2-L = k and bie = b2e = be. When the finite parallel wavenumber of the
pump wave is retained and the parallel wavenumber of the low frequency decay
wave is neglected kill -+ 0, the wavenumber selection rule yields k211 = ko = k11.
The unknown quantities can be obtained from the frequency selection rule wo =
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"wl-+w 2 and the coupled dispersion relations Eq. (3.73), Eq. (3.74), and Eq. (3.77)
using a numerical technique. From the experimental values wo/27r = 35.08 GHz,
w1/27r = 400MHz, Te/Ti ~ 2, 0 = 20*, and Te ~ 100eV, are obtained the
sought-after quantities: be ~ 0.134, w,/27r 32.0 GHz (ne ~ 0.26 x 1013 cM- 3 ),
Wce/27r ~ 14.4 GHz (Bo ~ 11.4kG), k1 /k_ ~ 1.43 x 10-2, w1/kIvthi - 1, and
w2/kjivtA > 1. These values of n, and BO are nearly identical to those obtained
earlier when the parallel wavenumber of the incident extraordinary mode polarized
(pump) wave was neglected.
Finally when the parallel wavenumber of the low frequency decay wave is
finite and satisfies wl/kjIVthe < 1, the electron response at the frequency W, is
adiabatic. The low frequency decay wave in the adiabatic limit, namely the ion
acoustic wave of frequency wi, must now satisfy the dispersion relation,
W2(bl,, wce) = k (3.78)
where c, = (2Te/mi)1/2 is the sound speed, and the functional dependence on
the unknown quantities bi, and we is shown explicitly. The ion acoustic wave
dispersion relation is obtained from the electrostatic wave dispersion relation in the
limit W1/kgjjvthe < 1. The parallel wavenumber of the lower sideband decay wave
is assumed to satisfy k 2 jj/k 21 < 1 and the lower sideband decay wave, namely
the electron Bernstein mode of frequency W2, is assumed to satisfy the dispersion
relation given by Eq. (3.75). In the dipole limit ko -- 0 it follows from the
wavevector selection rule ko = k, + k 2 that kI = -k211 k and bie = b2e = b,.
From the experimental values wo/27r = 35.08 GHz and wi/27r = 400 MHz, the
unknown quantities obtained from the frequency selection rule Wo = w1 + w2 and
the coupled equations Eq. (3.73), Eq. (3.78), and Eq. (3.75) are: be = 0.250,
wpe/27r = 7.6GHz (ne ~ 0.07 x 10 13 cm- 3 ), we/27r = 34.3 GHz (BO = 12.2. kG),
and w1/kIvthi ~ 1. The likely spatial location of the parametric decay instability
derived from the above values of ne and BO defines a plasma region very near the
limiter radius (p/a ~ 1) and far from the area of the upper hybrid layer illuminated
by the peak electric field strength of the launching antenna (see Fig. 3.2). Decay
into the ion acoustic wave is therefore unlikely.
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3.3.6- Observation of the Parametric Decay Instability During Extraor-
dinary Mode Heating of the Versator II Tokamak: The Paramet-
ric Decay Threshold Power Level
In the previous section the decay waves of the non-linear, three-wave cou-
pling process were examined. The incident extraordinary mode (pump) wave at
the frequency wo is taken to couple non-linearly to a lower hybrid ion quasi-mode
at a frequency w, where w, < wo and to an electron Bernstein wave at a fre-
quency W2 where W2 = wo - w1 . With the decay waves tentatively identified, the
threshold electric field strength for the parametric process can be calculated from
Eq. (3.66); the parametric dispersion relation describing the non-linear coupling
process. In the analysis, the parallel wavenumber of the incident extraordinary
mode polarized wave is neglected (koll -> 0). The two decay waves, namely the
electron Bernstein mode and the lower hybrid ion quasi-mode, are assumed to
propagate perpendicular to the toroidal magnetic field and satisfy the dispersion
relations Eq. (3.74) and Eq. (3.75), respectively. Two calculations of the thresh-
old electric field strength are performed below. In the limit of a homogeneous
plasma, the calculated threshold pump wave electric field strength is found to be
much less than the experimentally measured value (see Fig. 3.7). When plasma
inhomogeneities are included and the parametric process is modeled as a convec-
tive instability, the calculated threshold electric field strength is significantly larger
than that found in the homogeneous plasma limit and is in agreement with the
observations.
For a three-wave coupling process with a high frequency pump wave, the
parametric dispersion relation can be considerably simplified. When the pump
wave frequency is in the electron cyclotron frequency range, the ion contribution
to the electrostatic dielectric constant can be neglected 1 0 6 ,125 at the sideband
decay wave frequencies Xi kIwo ± w ~ 0. The electron Bernstein wave dis-
persion relation E kwo - w ~ 0 can be written simply as xe (ki,7 o - w ~
-1 [see Eq. (3.24)]. The upper sideband is taken106 ,125 to be non-resonant
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e (k ,wo + wi > 0. In the limit E kwo - w < E (kwo + wi and when
the ion contribution is neglected from the lower sideband, Eq. (3.66) can be written
simply as;106,125
E (kwo- + Xi k7WI 1+Xe k w( 0 (3.79)
the three-wave coupling dispersion relation valid for high frequency pump waves.
The electrostatic dielectric constant at the lower sideband can be expanded about
the electron Bernstein wave dispersion relation,
E k~wo-wi =ER k7WoW - -I-(Y+r2 ) 9E (3.80)
where the subscript R denotes the real part, ER (ilwo -- w) = 0 is the electron
Bernstein wave dispersion relation, and -f is the coupled growth rate for the para-
metric process. Here r2 is the linear damping rate of the electron Bernstein wave
at frequency w = W2 given formally by,
r 2 E( LO - (3.81)
9ER k w ) /0W
and the subscript I denotes the imaginary part. Substituting the expansion of the
electrostatic dielectric constant at the lower sideband into Eq. (3.79) and equating
the imaginary parts yields,1 0 8
( +(r2) 
9 EW
2 +Xek~W) Xil( k Wl) + Xi(kwi) k (JW1) (3.82)
4( I) 2 (3.82)
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In a homogeneous plasma, the- threshold electric field for the three-wave coupling
process Eo= (EO) is defined as the solution to the above equation in the limit
that the coupled growth rate vanishes -y -+ 0.
The three-wave coupling dispersion relation can be further simplified when
the low frequency decay wave is resonant with ions (w1/kvLnth - 1). For the lower
hybrid ion quasi-mode E k , 1) >> ER kI, 1 the electron contribution to the
dispersion relation can be neglected XeR (, wi) ~ 0 and the wave is assumed
non-resonant with the electrons XeJ (k,wi) ~ 0. Evaluated in the limit where
the low frequency decay wave is an ion quasi-mode, Eq. (3.82) reduces to, 1 25
aER (k w) 2
(- + r 2 ) = X" kW . (3.83)
For a given value of the electric field strength above the threshold value, Eq. (3.83)
yields the coupled growth rate for the parametric process. In the limit -y -+ 0 the
left-hand side of Eq. (3.83) is identically the imaginary part of the electrostatic
dielectric constant evaluated at the lower sideband decay wave frequency w = W2
[see Eq. (3.81)]. Thus the threshold electric field strength, in the homogeneous
plasma approximation, is given by the product of the imaginary part of the elec-
trostatic dielectric constant E k ,) evaluated for each of the electron Bernstein
wave at w = W2 and the lower hybrid ion quasi-mode at w = wl.
In what follows, the threshold electric field strength for the parametric decay
process is derived from Eq. (3.83) both in the homogeneous plasma limit, and in
the inhomogeneous case. The coupling coefficient /ie is evaluated from Eq. (3.57)
in the limit where the pump wave frequency equals approximately the upper hy-
brid frequency, and the pump electric field is approximately perpendicular to the
toroidal magnetic field. The coupling coefficient evaluated when wo a wUH and
EO - k ~ Ek±, consistent with the polarization of the incident extraordinary
mode near the upper hybrid layer, is, 10 8
2 E 2w 2
- = 4be c (3.84)4 647rneTe
204
where the polarization drift is the dominant term in Eq. (3.57).
When the lower hybrid wave frequency is much larger than the ion cyclotron
frequency w, > wei and the perpendicular wavelength is much smaller than the
ion Larmor radius k'r' > 1, the imaginary part of the ion contribution to the
electrostatic dielectric constant can be approximated by, 1 4 1" 4 7
Xii (kw = 2 e (ii*h:). (3.85)
In this limit, the damping of the low frequency decay wave is described as
perpendicular ion Landau damping in the unmagnetized, straight-line ion or-
bit approximation. Lower hybrid wave propagation and damping in tokamaks
is reviewed, and the perpendicular ion Landau damping approximation is dis-
cussed, elsewhere.138 ,1 4 2 , 1 4 7 Substituting into Eq. (3.85) the values derived from
the experimental measurements w,/27r ~ 400MHz, wpe/27r ~ 14.4 GHz, and
wi/kv thi ~ 1 the imaginary part of the ion contribution to the electrostatic
dielectric constant is found to be X 1 (k, w) ~ 1.
In a homogeneous plasma, the coupled growth rate must exceed the linear
damping rate at the lower sideband [see Eq. (3.82)]. The linear dissipation of the
electron Bernstein mode arises from collisional damping14 8 - 149 of the wave by the
electrons. The effect of collisional damping may be estimated by substituting for
the electron mass me with me (I + ive/w 2 ) into the electrostatic dielectric constant
where,
42rnee4 In A
S 3 InA Zeff (3.86)
m2 the
is the electron-ion collision frequency, Zeff ~ 2, and In A ~ 15. The imaginary
part of the electrostatic dielectric constant at the electron Bernstein wave fre-
quency El k,(wo - w = F 2 IER kw)lw is derived from Eq. (3.24)
by performing the replacement me -+ me (1 + iVe/W2). The replacement yields,
aER ( =~ ) 2 + O2
w2 = -e (3.87)
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The threshold electric-field strength for. parametric decay into an electron Bern-
stein wave and a lower hybrid ion quasi-mode in a homogeneous plasma is then
found to be,1 0 8
(E )2eo |-w~
=E)~ - + --, 1 (3.88)
647rneTe wo ce 4b,
Eq. (3.88) is found by substituting the results shown in Eq. (3.85), Eq. (3.86)
[X i (kw) ~ 1], and Eq. (3.88) into Eq. (3.84) describing the coupled wave
growt and taking the limit -y -+ 0 and w, < wo. Substituting the values derived
from the experimental measurements wo/27r ~ 35.08 GHz, be ~ 0.134, wp,/27r ~
14.4 GHz, we/27r ~ 32.0 GHz, and the value T, ~ 100eV (Ve ~ 3 x 105 sec-')
yields the threshold electric field strength in the homogeneous plasma limit
(EZ)th ~ 0.68 esu or 200 V/cm.
In the inhomogeneous plasma, the non-linear process is modeled as a convec-
tive instability. Wave growth at JE12 oc exp(2-1t) occurs in a region in front of the
W O W-UH layer whose width Ax equals8 approximately to the density gradient
scale length. The decay waves grow to an amplitude E, 12 oc exp(2-yAt) where
At = AX/ IV9LI and vg± = OW ( k /k± is the velocity of energy flow across the
unstable region. Following earlier work,1 0 8 ,1 2 4 ,1 5 0 -15 3 the threshold growth rate
is defined as that value of -y which leads to an exp(27r) increase in the decay wave
amplitude above the thermal noise level. The group velocity jvgi = W2be/W 2ki
is obtained from the derivative of Eq. (3.26) with respect to the perpendicular
wavenumber. The threshold growth rate for exp(27r) growth in the decay wave
amplitude follows as,
,Yth = 2ebe 27r (3.89)2W2 (k 1Ax)
The threshold electric field strength is calculated from Eq. (3.83) and Eq. (3.84)
in the limit -Y = yth where the derivative aER (k , ) /w is obtained
from Eq. (3.24). The threshold electric field strength for parametric decay into an
electron Bernstein wave and a lower hybrid ion quasi-mode in an inhomogeneous
plasma is then found to be,
(EX) - W2e (2r
4th w(3.90)641rnT,_ 4 W2e
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In calculating Eq. (3.90) it is assumed -that in the interaction region, the threshold
growth rate is much larger than any of the damping rate terms for the lower side-
band (th > 12). Substituting the values derived from the experimental mea-
surements be ~ 0.134, wpe/27r ~ 14.4 GHz, we,/27r ~ 32.0 GHz, Te ~ 100eV,
and the value Ax ~ 1.5cm (27r/ki ~ 0.025Ax) yields the threshold electric field
strength in the inhomogeneous plasma model (EX)th ~ 10esu or 3000 V/cm.
From estimates ' 104- 106 ,1 10 of the electrostatic electric field strength en-
hancement [see Eq. (3.4)] occurring in the extraordinary mode polarized wave
dispersion relation near the upper hybrid layer ( ~ 5, the thresh-
old incident electromagnetic power flux,
C
can be calculated. .For the inhomogeneous plasma model Pth ~ 500 W/cm 2 and
in the homogeneous plasma case Ith !- 2 W/cm2 .
A theoretical estimate of the threshold incident power level is obtained from
the product of the threshold incident power flux Fth and the cross-sectional area
A of the upper hybrid layer illuminated by the transmitting antenna. The cross-
sectional area intercepted by the incident microwave power is approximately A =
47rr 2 sin 2 (a/2) where a is the half-angle defined as the half-width at the half-power
point of the transmitting antenna pattern and where r is the average distance
from the antenna to the wo ~ wUM layer. The cross-sectional area obtained for
a ~ 10* and r ~ 25cm is A ~ 60 cm 2 . For the inhomogeneous plasma, the
theoretical estimates of the threshold incident microwave power level is -30 kW.
This is in reasonable agreement with the measured threshold power Pth ~ 50kW
(see Fig. 3.7) since approximately 30% of the incident microwave power can be
lost before the wave reaches the upper hybrid layer; either not coupled to the
extraordinary mode polarization, reduced by losses in the transmission system
connecting the gyrotron oscillator to the launching antenna, or absorbed at the
WO = Wce layer in the Versator II experimental geometry (see Fig. 3.2). For
comparison, the homogeneous plasma model [see Eq. (3.88)] gives a theoretical
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threshold power level of - -0.1 kW, almost three orders of magnitude below the
measured value.
3.4 Conclusions Drawn From Studies of Non-Linear Phenomena in the
Electron Cyclotron Frequency Range
In conclusion, radiation is observed" from both decay waves of a non-linear
three-wave coupling process occurring during high power electron cyclotron res-
onance heating of the Versator II tokamak. The measurements are consistent
with the incident extraordinary mode polarized radiation coupling near the upper
hybrid layer to an electron Bernstein wave and a lower hybrid wave (ion quasi-
mode). Theoretical estimates of the threshold incident microwave power level
are in reasonable agreement with the experimentally observed threshold power if
plasma inhomogeneities and WKB enhancement of the incident electromagnetic
fields near the upper hybrid layer are properly accounted for. In the homogeneous
plasma limit, the theoretical estimate of the threshold power level is some three
orders in magnitude below the experimentally measured value.
The model predicts that the lower hybrid decay wave is resonant with
the ions (wL/kwVthi - 1). Based on numerical simulations 0 4 105 and on the
results of lower hybrid ion heating experiments,1 38 ,1 54-1 6 3 this can result in
the formation, near the upper hybrid layer, of a fast energetic component in
the ion distribution (ion tail). In larger machines, at higher values of the
toroidal current, or in different magnetic field geometries, these fast ions may
be well confined and collisional transfer of energy to the thermal ions occurs.
Furthermore, the effect of a small but finite value of the parallel wavenumber
(due to a combination of off-perpendicular injection of the pump wave, the fi-
nite beam spread of the transmitting antenna pattern, and/or refraction due to
magnetic shear) can result in a damping" 4 1 05 09,110-111,11, 2  of the elec-
tron Bernstein mode after that wave has propagated from the upper hybrid
interaction region back to the electron cyclotron resonance. There the wave
energy can be absorbed by electrons near the center of the plasma column.
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In this way and for high incident microwave power levels, the parametric de-
cay process can lead to additional heating and thus increase the overall effi-
ciency as compared to the efficiency predicted by a simple calculation of the
optical depth in the single-pass absorption theory. 8~11 Such processes may be
particularly important for small devices1 ' where the single-pass absorption is
weak, and in electron cyclotron pre-ionization and startup scenarios of controlled
thermonuclear fusion reactors. Observations of the non-linear three-wave cou-
pling process have also been reported 39-4 in a separate and more recent set
of experiments on the PDX tokamak at the Princeton Plasma Physics Labora-
tory.
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Chapter 4
Phenomena
in Non-Thermal Plasma
Interesting new phenomena occur in a tokamak plasma when the zero-order
electron velocity space distribution function is strongly non-Maxwellian.
A non-Maxwellian electron velocity space distribution can drive intense
non-thermal electron cyclotron emission and, when the distribution is strongly
anisotropic, can drive linearly unstable waves (the Kadomtsev-Parail-Pogutse in-
stability) in the frequency range at and below the electron plasma frequency. At
Versator II such instabilities are observed in the low density, slide-away regime
(ie < 0.6 x 1013 cm- 3 ) where the strongly anisotropic electron distribution is cre-
ated and sustained by the steady state electric field.
Non-thermal electron cyclotron emission measurements of the ohmically
heated Versator II tokamak plasma are first described. The electron cyclotron
emission measurements shown here should be contrasted to the measurements of
thermal emission at the blackbody level that were presented in Chapter 2. Next,
the Kadomtsev-Parail-Pogutse instability of the slide-away electron distribution
is examined. Observations of the unstable wave emission in the frequency range
below the electron plasma frequency are reported both from the ohmically heated
plasma and during low power lower hybrid wave injection.
4.1 Introduction
Fig. 4.1 shows the nature of the non-thermal electron cyclotron emission and
the Kadomtsev-Parail-Pogutse instability as they occur in a typical low density
Versator II tokamak discharge. Shown in Fig. 4.1 are the temporal history of
the toroidal current Ip, the single-turn loop voltage VL, the intensity of extraor-
dinary mode polarized emission at the second harmonic of the electron cyclotron
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frequency w = 2wce, and the intensity of emission at w/27r = 500 MHz that is
detected by an electrostatic probe. The electrostatic probe used here is identical
to the instrument described in Chapter 3. There the probe was used to detect the
low frequency decay wave of a non-linear, three-wave coupling, parametric decay
process. In Chapter 3 the non-linear process was driven by an external source
of high power extraordinary mode polarized waves. For the tokamak discharge
shown in Fig. 4.1, there are no external sources of microwave or radio frequency
power incident on the plasma. Instead the observed emission is the result of
linearly unstable waves; driven unstable by a strong anisotropy in the zero-order
electron distribution function. In Fig. 4.1, the extraordinary mode polarized elec-
tron cyclotron emission intensity is plotted in units of the radiation temperature
Tad. The electron cyclotron emission receiver and the determination of the cali-
bration constant are to be described subsequently. The electrostatic probe signal
seen in Fig. 4.1 is plotted in units of dB above the instrumental noise level. The
single-turn loop voltage shown in Fig. 4.1 includes both the resistive component
of the loop voltage and inductive contributions to VL.
Observed in the electrostatic probe signal are short intense periodic bursts
of emission beginning at a time t ~ 6msec (see Fig. 4.1). The duration of a single
burst of emission is on the order of -10 psec. In Fig. 4.1 the period of the bursts is
seen to be approximately 1 msec. Bursting emission from the Versator II tokamak
plasma has been observed with inter-burst periods in the range of -0.2msec to
-2 msec. The bursts of emission represent waves that are driven linearly unstable
by the Kadomtsev-Parail-Pogutse instability mechanism. Approximately coinci-
dent with these bursts are step-like increases in the intensity of extraordinary mode
polarized emission near the second harmonic of the electron cyclotron frequency.
Note that the w = 2wce emission intensity shown in Fig. 4.1 is strongly non-thermal
Tad >> Te. Even prior to the onset of the Kadomtsev-Parail-Pogutse instability
at t ~ 6 msec, the observed radiation temperature exceeds the thermal electron
temperature at the plasma center Trad > Te(p = 0) where Te(p = 0) ~ 350 eV. The
intensity of the non-thermal electron cyclotron emission is a sensitive function of
the number density, average energy, and pitch angle (average transverse energy)
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Shown is an example of non-thermal electron cyclotron emission and
emission from the Kadomtsev-Parail-Pogutse instability in a typical low
density, ohmically heated Versator II tokamak plasma. A temporal
history of the extraordinary mode polarized emission at w = 2Wce is
shown and is plotted in units of the radiation temperature Tad. The
emission from the Kadomtsev-Parail-Pogutse instability is observed by
an electrostatic probe and the probe signal is plotted in units of dB
above the instrumental noise level. Also show are the temporal history
of the toroidal current Ip and the single-turn loop voltage VL. The
data was obtained at a central chord line-averaged electron number
density (not shown) of j, ~ 0.4 x 1013 cm-3.
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Fig. 4.1:
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of the anisotropic element of the electron distribution. The sharp increases in the
electron cyclotron emission intensity are the result of rapid pitch angle scattering
of the high energy anisotropic electrons in velocity space. These electrons are
scattered from electron orbits primarily along the magnetic field lines vg/vI1 ~ 0
to electron orbits containing a significant velocity component perpendicular to the
magnetic field vvi 5 0. This pitch angle scattering occurs on a time scale on
the order of the rise time of the observed intense bursts of emission 0(1 psec).
The small negative transients seen on the loop voltage signal of Fig. 4.1 can also
be attributed to this almost instantaneous increase in the transverse energy of the
anisotropic electrons.
In what follows, each of these effects will be examined in turn. First how-
ever, it is important to examine the process by which the electron distribution is
distorted by the zero-order electric field.
4.1.1 Introduction: Runaway Electrons and the Resultant Anisotropy
in the Electron Distribution
The steady state toroidal electric field used to induce and sustain the toroidal
current is simultaneously responsible for creating and sustaining an anisotropy in
the electron velocity space distribution function.13 4 17 0 The steady state electric
field, approximately anti-parallel to the toroidal magnetic field, accelerates the
individual electrons along the magnetic field lines. Because of the much larger
ion mass, the effect of the zero-order electric field on the ions can be neglected.
An isolated electron exposed to a constant electric field will experience a
force acting to continuously increase the electron's momentum. In a plasma
the electron will experience an opposing force, opposite to the direction of its
motion, of dynamical friction due to collisions with the background plasma. The
dynamical friction results from a drag force exerted on an individual electron by
momentum exchange with other electrons, ions, and neutral atoms. The net rate
of change of the electron's momentum is determined by the sum of the accelerating
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force F = eEqS and the collisional drag force F = -me vil veff (vii) ' where vIff is
the effective collision frequency for an electron with velocity component vil along
the direction of the magnetic field, and is a dimensionless unit vector in the
direction of the toroidal electric field. The collision frequency veff (v 1 ) is given
approximately by,
3
Veff (VII) = Vte (4.1)
where Le is given by Eq. (3.86). Eq. (4.1) is correct in the limit where electron-
ion collisions give the dominant contribution to the frictional force. In the limit
where the electron energy is much larger than approximately 1-3 keV, the frictional
force due to electron-electron collisions is about twice1 6 7 that due to electron-
ion collisions and the quantity Zeff shown in Eq. (3.86) should be replaced by
(5 + Zeff) /2. At a critical velocity va, defined by the relation,
eEo - me veVe5ff(vc,) = 0 (4.2)
the collisional drag force on an individual electron exactly balances the force of
acceleration by the steady state electric field. Solving Eq. (4.2) for the critical
velocity yields,
2 40n InAV Me =nA Zeff (4.3)(me E
or in natural units,
Vc2 r (1.96 x 102V/cm ne 1 keV InA
- = -03C- 1 Zeff (4.4)
tghe Eo 13c- Te 1
Electrons with velocities vj > v,, can be continuously accelerated by the steady
state electric field and are termed runaway electrons. Under the influence of
the electric field, the runaway electrons form an anisotropic tail on the electron
distribution. These anisotropic electrons can possess a very large average energy
along the magnetic field; yet with an average transverse energy comparable to the
perpendicular temperature of the isotropic bulk electrons. When v, >> Vthe the
number density of runaway electrons is very small and the anisotropic component
of the electron distribution can be neglected. Conversely, when v,, ~ 1-5 Vithe the
anisotropic component of the electron distribution is significant and drives many
of the macroscopic and microscopic effects discussed in this chapter.
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4.2 Non-Thermal Electron Cyclotron Emission
In Chapter 2 numerical studies of wave absorption by a non-thermal electron
distribution were presented. Here extraordinary mode polarized emission from
a non-thermal electron distribution is studied. As in Chapter 2, the electron
distribution function is here assumed to be composed of two distinct components.
The first, labeled the bulk distribution, at a number density ne,b and the second,
labeled the tail distribution, at a number density ne,t where ne,b >> ne,t. The
bulk and tail distributions are taken to be a Maxwellian distribution of velocities
at a temperature Te,b and Te,t respectively. Typically Te,b < Te,, is assumed.
In Chapter 2 it was shown that the fractional wave power absorbed by the tail
electron distribution can be neglected; except at very low values of the bulk density
and temperature where the fractional wave power absorbed by the bulk electron
distribution is itself small. In contrast, when emission of extraordinary mode
polarized waves is examined, it is found that for Te,t >> Te,b the tail distribution
can dominate the emission level even when n,, < neb.
4.2.1 Non-Thermal Electron Cyclotron Emission: Introduction
The intensity of non-thermal electron cyclotron emission can be calculated
from the Schott-Trubnikov formula8 8 ,1 7 1 -174 which describes the emission from
a single isolated electron. The total emission is obtained by summing 8,78-181
over the electron velocity space distribution. Such a method ignores the effect of
the plasma as a dielectric and cannot describe emission near the blackbody level.
Furthermore, the Schott-Trubnikov formula is based171 on an expansion in powers
of Wpe/w < 1 and cannot describe emission in the frequency range w < wpe. The
method is not employed here. Instead an estimate of the emission intensity is
made from Kirchhoff's radiation law. 8 8 ,1 8 2- 183 Here it is shown that in a low den-
sity tokamak plasma with a non-thermal electron distribution, the extraordinary
mode polarized emission generated by the anisotropic electrons cannot usually be
neglected. For low density plasma in the Versator II tokamak, the contribution
to the electron cyclotron emission intensity from the non-thermal tail electrons
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typically exceeds the emission intensity from the bulk electrons.
An analytic calculation of the non-thermal electron cyclotron emission in-
tensity is performed by exploiting the difference in the spatial line-shape of the
emitting region between that of the bulk electrons and the high energy tail elec-
trons. For example an electron of arbitrary energy can emit and absorb cyclotron
radiation when its velocity satisfies the resonance condition
w - nwce(R) /-y - =0 (4.5)
where -y = (I - v 2 /c 2 )1/2 and n = 1,2,3,... is the harmonic number. The
magnetic field gradient is emphasized as an explicit dependence of the electron
cyclotron frequency on the major radius coordinate. The cyclotron radiation is
assumed to propagate near-perpendicular to the toroidal magnetic field kl ~ 0
and the spatial line-shape of the emitting volume is then determined by -Y the rel-
ativistic correction to the cyclotron frequency. When the bulk and tail electrons
are each individually modeled as a Maxwellian distribution of velocities, the imag-
inary part of the wavevector is separable into a contribution from each of the bulk
and tail electrons kim = k im,b + k im,t. Similarly the emissivity and absorption
coefficients can be written, respectively, as j, = jw,b + jw,t and aw = aw,b + awe
where the absorption coefficient is related to the imaginary part of the wavevector
by a.(s) = 2kim(s) - d and s is the ray trajectory. Here d is a dimensionless
unit vector in the direction of the ray trajectory d = ds/ds.
In the Versator II tokamak discharges under study, the bulk electron tem-
perature is non-relativistic -y 1. The extraordinary mode polarized electron cy-
clotron emission is observed at a fixed frequency w/27r (typically w/2r = 71 GHz).
The spatial line-shape of the plasma region where the bulk electrons (y -+ 1) con-
tribute to the electron cyclotron emission at w/27r, defined when k im,6 -6 0, is
then narrowly centered about the o = 2wce(R) resonance layer [see also Eq. (4.5)].
For the tail electrons the spatial line-shape is dramatically altered when the tail
electron temperature is large Te,t >> Te,b and when the relativistic correction to
the cyclotron frequency is significant y > 1. The velocity-space distribution of
the tail electrons introduces a spread in the value of -t which can introduce a
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spatial shift of, and can considerably broaden, the spatial line-shape. Moreover,
in the presence of even a weak magnetic field gradient, more than one harmonic
number n can satisfy the resonance condition w - nwce(R) /-I = 0 if the spread in
the value of -y > 1 is sufficiently large [see Eq. (4.5) in the limit k1l --+ 0]. With
RO defined as the location of the w = 2wce(Ro) resonance in the non-relativistic
limit (y -+ 1), then for n = 2 and -y > 1 the resonance condition is satisfied at a
major radius R' where w = 2wce(R') /y and therefore wce(R') > wce(Ro). Thus
at a fixed frequency w/27r the contribution to the emission intensity from the high
energy anisotropic electrons y > 1 emitting at n = 2 originates from a plasma
volume that is shifted to the high magnetic field side of the w = 2We(Ro) layer.
The resonance condition can also be satisfied for n = 3 and 1.5 > - > 1 at a major
radius R" where w = 3wce(R") /-y and therefore wce(R") < wce(Ro). Thus at a
fixed frequency w/27r the contribution to the emission intensity from the high en-
ergy anisotropic electrons 1.5 > -y > 1 emitting at n = 3 originates from a plasma
volume that is shifted to the low magnetic field side of the w = 2w.c(Ro) layer.
In summary the spatial line-shape of the plasma region where the tail electrons
contribute to the electron cyclotron emission at w/27r, defined when kim,t -da 0 0,
can be considerably broadened as a result of the relativistic dependence of the
cyclotron frequency and can include contributions from several cyclotron harmon-
ics. For Tt >> Te,b the tail electrons emit at the second harmonic (n = 2) from
a plasma volume that can be typically shifted to the high magnetic field side of
the w = 2wce(RO) layer. The tail electrons emit at the third and possibly higher
harmonics (n > 3) from a plasma volume that can be typically shifted to the low
magnetic field side of the w = 2wcg(Ro) layer. Emission from the tail electrons
at the higher harmonics (n 3,4,...) is typically smaller than the n = 2 contri-
bution but usually cannot be neglected; particularly when, as in the Versator II
tokamak geometry, the electron cyclotron emission intensity is measured at the
low magnetic field side of the torus. Two examples of such non-thermal electron
cyclotron emission phenomena are given below.
Assume for example, that the magnetic field strength is adjusted to place
the second harmonic electron cyclotron resonance layer on the magnetic axis of
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the torus w = 2w,,(R) where R = RO. Here the cyclotron resonance layer is
defined in the limit -i -- 1. The emission is assumed to propagate from the
high magnetic field side of the torus at R = RO - a along the direction of the
major radius and in the equatorial plane (z = 0). Here a is the plasma minor
radius. An antenna at R = Ro + a measures the extraordinary mode polar-
ized emission intensity at the frequency w/21r. The bulk electron temperature
is assumed non-relativistic (y -+ 1) and thus the bulk electron contribution to
the imaginary part of the wavevector is non-zero only in the immediate vicinity
of the cyclotron resonance layer; kimb(R) - ds 5 0 for Ro - 6 < R < Ro + 6.
Here 6 is a small positive infinitesimal (6 << a). Thus the spatial line-shape
where the bulk electrons contribute to the electron cyclotron emission at w/27r
is narrowly centered about the second harmonic electron cyclotron resonance at
R = Ro (see, for example, Fig. 2.25). The anisotropic component of the elec-
tron distribution is assumed to be at a mildly relativistic temperature Te,,t >> Te,b.
Because of the finite value of -y > 1 the tail electrons contribute to the imaginary
part of the wavevector throughout much of the plasma volume kimt(R) - d9 0
for RO - a < R < RO - 6 and for Ro + a > R > RO +6. Thus the spa-
tial line-shape describing the contribution of the tail electrons to the electron
cyclotron emission intensity at w/27r is substantially broadened about the non-
relativistic resonance at R = RO. In the regions RO - a > R > RO - 6 and
RO + a > R > RO + 6 only the tail electrons contribute to both of the imaginary
part of the wavevector and the electron cyclotron emission at w/2ir. Thus in the
spatial regions RO - a > R > RO - 6 and RO + a > R > RO + 6, it follows that
kim = kjm,i, 0 w = aw,t, JW = J,t and Kirchhoff's radiation law is used to relate
the emissivity to the absorption coefficient J./aw = d3 IBB,t(W) /dw dn dA where
d'IBB,t(w) /dw dQ dA w2 3T2,t/87r is the blackbody intensity at a tempera-
ture T = Te,t. In the region RO - 6 < R < R0 + 6 the emission from the bulk
electrons can be substantial, the contribution of the tail electrons to the emis-
sion intensity is assumed negligible, and it follows that kim = kimb, a = O,,,
j= and Kirchhoff's radiation law yields j.i/am = d 3IBB,b(w) /dw dD dA
where d 31BBb(w) /dw dil dA = w 2Teb/87r3 c 2 is the blackbody intensity at a tem-
perature T = Teb. The equation of radiative transport Eq. (2.169) is used to solve
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for the emission intensity in each of the three regions (i) Ro - a < R < RO - 6, (ii)
Ro - 6 < R < Ro + 6, and (iii) Ro + a > R > RO + 6. The solutions are joined
at the boundaries to yield the total emission intensity measured at the location
R = Ro + a of the receiving antenna. The emission intensity at R = RO + a for
a ray trajectory along the direction of the major radius, originating on the high
magnetic field side of the torus at R = RO - a, and propagating in the equatorial
plane, is found to be,
d3 1(w) d3IBB,t(w) 1-e
dw dO dA dw dO d A
+ dIBB b(W)
dwdrldA(1ebe
+d'IBB,t(w) (1 te b e+ dw dl dA e e-t
" du dO d A IR=RO -ae-b t(46
where,
- R=Ro+6
r = 2 kim,(S)ds, (4.7)
fR=R,-b
R=Ro+a
rt = 2 kim,t(s) - ds, (4.8)
JR=R0 -|R=RO+a -
,rt+ = 2 fR O kim,t(s) -ds , (4.9)
R=Ro -
r-~ = 2 / kimt(s) -ds, (4.10)
JR=Ro -a
and where [d 3 1(W)/dw df dA]RR is the source function at R =RO - a [see
Eq. (2.174)].
In the Versator II tokamak geometry [d3 I(w) /dw dfl dA] R=) -a describes
the intensity of emission reflected from the inside wall of the vacuum vessel in
the direction of the receiving antenna. In writing Eq. (4.6) it is assumed that
Te,b(s) and Tet(s) are approximately constant over the emitting volume. Be-
cause kim,b(s) is non-zero only in the region Ro - 6 < R < Ro + 6 the integral
in Eq. (4.7) can be extended over the entire ray trajectory and rb and rt can be
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described as the optical depth of the bulk electrons and tail electrons, respec-
tively [see Eq. (2.150)]. Furthermore in the approximation 6 < a, Eq. (4.9)
and Eq. (4.10) are written in the limit 6 -* 0 and it follows that rt = Ti + r+
The first term in Eq. (4.6) describes emission from the tail electrons in the region
Ro + a > R > Ro closest to the receiving antenna. The second term describes
emission from the bulk electrons whose emitting layer is narrowly localized to
R ~ Ro. The extra multiplicative factor exp(-rt+) that occurs in the second
term describes the absorption of this emission by the tail electrons in the region
Ro + a > R > Ro. The third term in Eq. (4.6) describes emission from the tail
electrons in the region Ro - a < R < Ro. On its path to the receiving antenna,
this emission can be absorbed by both the bulk electrons near R ~ Ro and by
the tail electrons in the region Ro + a > R > Ro [see Eq. (4.6)]. Finally, the last
term describes the absorption of radiation incident from R = Ro - a by both the
tail electrons and the bulk electrons. In what follows the incident intensity at
R =Ro - a is neglected [d3I(w)/dw df dA]R = 0.
In the limit kim,t - -+ 0 (iT,t -+ 0) where emission and absorption by
the tail electrons can be neglected it follows that am(s) -+ 2kim,b(s) - dS and
Eq. (4.6) describes the emission intensity from an isotropic Maxwellian at tem-
perature Te = Te,b with optical depth r = Tb [see Eq. (2.174)]. Conversely, in
the limit kim,b d - 0 (ie,b -+ 0) emission and absorption by the bulk electrons
can be neglected, au(s) -+ 2kimt(s) -d, and Eq. (2.174) is again recovered with
a temperature Te = Te,t and optical depth r = rt. Consider the ISX-B tokamak
described in Chapter 2 where the fractional wave power absorbed by the bulk
electrons can be large rb > 2. The case of weak absorption by the bulk elec-
trons Tb < 1, which is more typical of the Versator II device, will be examined in
a numerical computation shortly. In the limit exp(-Tb) -+ 0, Eq. (4.6) can be
written,
d3I(w) d'IBB,t(w) + -t
dwd~ldA d d- dA e )
d3IBBb,(w) 
_,+
+ d ldf dA
In the limit rt+ < 1 the exponential function in Eq. (4.11) may be expanded in a
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Taylor's series (l - e-t,) T+ and it follows from Eq. (2.178) and Eq. (2.181)
that the radiation temperature Trad observed by the horn antenna is,
Trad = TeI, tt + Texb. (4.12)
Here only the lowest order terms in rt+ have been retained and the subscript
I is introduced to emphasize that when the observed emission propagates nearly
perpendicular to the magnetic field, only the average transverse energy contributes
to the extraordinary mode polarized emission intensity.
Eq. (4.12) illustrates the circumstances whereby the contribution from the
tail electrons to the intensity of electron cyclotron emission at w/27r may be sub-
stantial even when the fractional absorption of an incident wave at w/27r by the
tail electrons can be neglected. In writing Eq. (4.12) the optical depth of the bulk
electrons is assumed to be large rb > 2. If the horn antenna were to launch a wave
of the same frequency w/27r, propagating in the equatorial plane, in a direction
anti-parallel to the direction of the major radius, and incident on the plasma from
R = Ro + a, then the incident wave power will be absorbed principally by the bulk
electrons at R = RO so long as the incident wave power is only weakly absorbed
by the tail electrons in the region between the horn antenna at R = Ro + a and
the w = 2wce(R) layer at R = RO. Thus an incident wave is absorbed principally
by the bulk electrons so long as the transmission coefficient to R = RO given by
T = exp (- 7 +) is nearly unity, or equivalently when rt+ < 1. This is the re-
sult observed in Chapter 2 where rt+ < 1, rb - 1, and the fractional absorption
of the incident wave power by the tail electrons was found to be negligible (see
Fig. 2.29). In the case of electron cyclotron emission, Eq. (4.12) shows that the
tail electrons can contribute substantially to the radiation temperature whenever
Tei,trt+ ~ TeI,b which can be true even for r+ < 1 so long as Tei,t >> TeI,b.
For example when rt+ is on the order of r+ ~ 0 (l 1) and when the tail electron
temperature exceeds the bulk electron temperature by two orders of magnitude
TeI,t/Te, b 0(10+2), the contribution to the radiation temperature from the
product Tet r,+ exceeds the contribution from the bulk electrons Te±,b by a factor
of ten.
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In a second example, the numerical model described in Chapter 2 is used to
estimate the non-thermal emission intensity. Fig. 4.2 shows a cross section of the
Versator II tokamak and the receiving antenna for the second harmonic electron
cyclotron emission measurements. The horn antenna is recessed into a port in the
Versator II vacuum vessel on the low magnetic field side of the torus, is centered in
the equatorial plane of the torus, and is oriented to receive emission polarized in
the extraordinary mode. The microwave receiver and horn antenna are described
in detail in a subsequent section. Here the emission intensity observed by such a
system is computed. The dotted lines in Fig. 4.2 show representative flux surfaces
of the Versator II plasma plotted in equal increments from p/a = 0.1 to p/a = 1.0.
The solid lines are ray trajectories representative of the observed emission and
computed by the numerical model for extraordinary mode polarized waves at a
frequency w/27r = 71 GHz. Five ray trajectories are computed corresponding
approximately to the beam width of the waveguide horn antenna. Fig. 4.2 is
drawn to scale. The Versator tokamak has a major radius RO ~ 40.5 cm, a minor
radius a ~ 13cm, and shifted circular flux surfaces bm ~ 0.5cm, 6_ ~ 0, cI = 1,
EO = 1, A = 0, and q(p = a) ~ 5.5. Fig. 4.2 is computed for a magnetic field of
Bo(R = Ro) = 12.7kG and the w 2wce(R) resonance layer is here located at the
magnetic axis R = RO.
In computing Fig. 4.2 the bulk electron density is taken to be a parabolic
profile (Pb = 2, qb = 1) with ne,b(p = 0) = 0.75 x 1013 cm- 3 and ne,b(P = a)
0.75 x 1011cm- 3 . The tail electron density is described as a parabolic-squared
profile (pt = 2, qt = 2) with ne,t(p = 0) = 0.025 x 1013cm- 3 and ne,t(p = a) =
0.025 x 10" cm- 3 . Both the bulk electron and tail electron velocity space distri-
butions are assumed to be Maxwellian. The bulk electron temperature is taken
to be a parabolic-squared profile (rb = 2, sb = 2) with Te,b(P = 0) = 350 eV
and Te,b(P = a) = 3.5 eV. The tail electron temperature is described as a
parabolic-squared-squared profile (rt = 2, st = 4) with Te,t(p = 0) = 35 keV
and Te,t(p = a) = 350eV. The spatial profiles of the tail electrons are cho-
sen to be approximately consistent with radial profiles of hard X-ray plasma
bremsstrahlung emission measured' 84 ~18 6 by an X-ray spectrometer in the en-
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Shown is a cross section of the Versator II tokamak and the receiving
antenna for the second harmonic electron cyclotron emission measure-
ments. The antenna is recessed into a port on the low magnetic field
side of the Versator II vacuum vessel, is centered in the equatorial
plane of the torus, and is oriented to receive emission polarized in the
extraordinary mode. The dotted lines show the plasma flux surfaces
in equal increments from p/a = 0.1 to p/a = 1.0. The solid lines are
computed ray trajectories for the observed emission.
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ergy range 20 key < hv < 1 MeV. The temperature of the tail electron distribu-
tion is chosen to be consistent with the measured exponential slope of the X-ray
bremsstrahlung energy spectrum. 114- 18 6 The X-ray bremsstrahlung measurements
are made in that portion of the discharge where the Kadomtsev-Parail-Pogutse in-
stability is repeating regularly; for example near the time t = 15 msec shown in
Fig. 4.1. The spatial profiles of the bulk electron density and temperature are
chosen to be typical of the Versator II tokamak plasma in the low density slide-
away regime (see Fig. 4.1). Note that in the physical experiment, the tail electron
distribution is unlikely to be a Maxwellian. Rather, a strong steady-state elec-
tric field may tend to create a unidirectional anisotropy. When the steady-state
electric field is aligned anti-parallel to the toroidal magnetic field, the tail elec-
tron distribution is composed principally of electrons that have been accelerated
parallel to the direction of the magnetic field (anti-parallel to the direction of
the zero-order electric field) with negligible tail electrons moving anti-parallel to
the magnetic field. Such a step function like behavior leads to a toroidal'current
carried by the tail electrons. If the tail electrons are modeled as a Maxwellian dis-
tribution with the temperature and density parameters given above and multiplied
by a velocity space step function at oi = 0, the anisotropic current carried by the
tail electrons can be calculated. When integrated over the plasma cross section,
the current carried by the tail electrons is found to be approximately 8 kA. For
comparison, the total toroidal current typically carried by the Versator II tokamak
plasma is approximately 45kA (see Fig. 4.1).
The contribution to the imaginary part of the wavevector ki m(s) = kim,b(S)+
kimt(s) is computed by the numerical model for each of the bulk electrons and the
tail electrons as a function of s the arclength along the ray trajectory. Fig. 4.3
shows the two components of the imaginary part of the wavevector kim,b(S) - d
and kim,t(s) - ds computed by the numerical simulation for the ray at the center
of the antenna pattern of Fig. 4.2. This ray propagates in the equatorial plane
of the torus (z = 0), along the direction of the major radius, and corresponds to
the direction of maximum directivity of the receiving antenna. In Fig. 4.3, the
arclength s is given in units of R the major radius coordinate. The spatial line-
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shape Of kimb(3) -d defines the plasma volume where the bulk electrons contribute
to both of the wave absorption and electron cyclotron emission. As seen in
Fig. 4.3(a) the plasma region kim,b(s) -d # 0 where the bulk electrons contribute
to the cyclotron emission intensity is narrowly confined to the w = 2Wce(R) layer
at R = Ro. In contrast, the spatial line-shape of kim,t(s) -d shows a broad peak
shifted to the high magnetic field side R < Ro and a smaller peak shifted to the
low magnetic field side R > Ro [see Fig. 4.3(b)]. Fig. 4.4 shows a breakdown of
kimt(s) -d3 into contributions from each of the harmonics n = 2 and n = 3 where
w - nwce(R) /, - kl vg = 0 is the resonance condition.
The contribution to the imaginary part of the wavevector from the tail elec-
trons is seen to be composed of contributions from several harmonics (see Fig. 4.4).
Emission when the resonance condition is satisfied for n = 2 originates in a broad
plasma volume that is shifted to the high magnetic field side of the W = 2wce(Ro)
layer at R < Ro [see Fig. 4.4(a)]. Emission when the resonance condition is sat-
isfied for n = 3 originates from a broad plasma volume that is shifted to the low
magnetic field side of the w = 2wce(Ro) layer at R > Ro [see Fig. 4.4(b)]. The
contribution to ktm,t(s) - dS from harmonics with n = 4,5,... is very small and is
not shown in Fig. 4.4. In general, the contribution to kim,t(s) -dS from the higher
harmonics with n = 3,4,... becomes more pronounced at higher values of the tail
electron temperature Te,t.
From the computed values of kim,b(S) - d and kim,t(s) -d an estimate of
the radiation temperature can be made. Through Kirchhoff's radiation law, the
contribution to the emissivity from each of the tail electrons and bulk electrons
is related to the absorption coefficient by Jw,b/aw,b = d3 IBB,b(w) /dw dQ dA and
J~t/aWt = d 3IBB,t(w) /dw dQ dA where awb(s) = 2kim,b(s) - d and a&,t(s)
2kim,t(s) - d are obtained from Fig. 4.3(a) and Fig. 4.3(b), respectively. The
equation of radiative transfer Eq. (2.169) is then numerically integrated over the
ray trajectory to yield the electron cyclotron emission intensity. Kirchhoff's ra-
diation law is strictly valid only when the electron velocity space distribution is
Maxwellian; as is assumed in the numerical computations. In practice the trans-
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Fig. 4.3: Shown are the contributions to the imaginary part of the wavevector
(a) from the bulk electrons kim,b(s) - d and (b) from the anisotropic
tail electrons kimt(s) -d computed by the numerical simulation. The
ray propagates in the equatorial plane of the torus (z = 0), along the
direction of the major radius, and corresponds to the direction of max-
imum directivity of the receiving antenna. The arclength s is given in
units of R the major radius coordinate. The w = 2we,(R) resonance
layer is located at R = RO.
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Shown is a breakdown of kimt(s) - d into contributions from each of
the harmonics (a) n = 2 and (b) n = 3 where the resonance condition
is W = nwc(R) /-y and n is the harmonic number. The ray propagates
in the equatorial plane of the torus (z = 0), along the direction of the
major radius, and corresponds to the direction of maximum directivity
of the receiving antenna. The arclength s is given in units of R the
major radius coordinate. The w = 2we,(R) resonance layer is located
at R = RO.
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verse velocity space distribution, which generates the perpendicularly propagating
extraordinary mode polarized emission, may be near-Maxwellian even when the
velocity space distribution along the magnetic field is unidirectional. Thus the
computed values of the radiation intensity may well approximate the emission level
observed in the physical experiment. Integrating the equation of radiative trans-
fer along the ray trajectory shown in Fig. 4.2 from its origin on the high magnetic
field side at R = RO - a to its terminus at the receiving antenna R = RO + a yields
a radiation temperature Trad = 3.23 keV. The computed radiation temperature
is in good agreement with the measured value (see Fig. 4.1). Note that in this
computation, contributions to the radiation temperature from emission reflected
off the walls of the vacuum vessel is ignored. Such reflections would tend to in-
crease the measured radiation temperature somewhat above the value computed
here [see Eq. (2.180)]. For comparison, the numerical model is also used to com-
pute the value of the integrals shown in Eq. (4.7), Eq. (4.9) and Eq. (4.10). From
the numerically computed values rb = 0.358, rjt = 0.012 and ~ = 0.182, the
emission intensity can be estimated from Eq. (4.6). Using (Te, 6 ) = 350eV and
(Te,t) = 25keV as the average of the bulk and tail electron temperatures across
their respective emitting regions Eq. (4.6) yields for the radiation temperature
Trad = 3.28 keV.
In these examples it is shown that the extraordinary mode polarized electron
cyclotron emission from the Versator II tokamak plasma in the low density slide-
away regime is typically non-thermal. The observed radiation temperature for
these discharges can typically exceed the bulk electron temperature by an order of
magnitude. The extraordinary mode polarized emission intensity at the second
harmonic of the electron cyclotron frequency is shown to be a sensitive function of
the number density, average energy, and pitch angle (average transverse energy)
of the anisotropic component of the electron velocity space distribution. In what
follows, the second harmonic electron cyclotron emission receiver and receiving
antenna are described.
4.2.2 Non-Thermal Electron Cyclotron Emission: The Second Har-
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monic Electron Cyclotron Emission Receiver and Receiving An-
tenna
The electron cyclotron emission is collected by a receiving antenna located on
the low magnetic field side of the Versator II torus (see Fig. 4.2). The receiving
antenna is oriented to collect extraordinary mode polarized emission propagat-
ing approximately perpendicular to the magnetic field, in the equatorial plane of
the torus (z = 0), and along the direction of the major radius. The receiving
antenna consists of a standard gain horn in E-band (WR-12) waveguide that is
located entirely within the Versator II vacuum vessel, is recessed into a port on
the low magnetic field side of the torus, and is centered in the equatorial plane
(see Fig. 4.2). The aperture of the horn antenna is approximately flush with the
vacuum vessel wall and -2cm from the plasma edge as defined by the limiter
radius. The receiving antenna is attached to a short section of E-band waveguide
which has been brazed into a standard vacuum flange. Exterior to the vacuum
vessel, the vacuum seal is made by a 0.002in mica sheet placed across the cross
section of the E-band waveguide and sealed with an O-ring. In contrast to the
beryllium oxide ceramic vacuum seal and microwave window on the ISX-B device
(see Section 2.3.3) the 0.002in mica sheet is microwave transparent with a neg-
ligible reflection coefficient over the entire E-band frequency range of 60 GHz to
90 GHz. The Versator II antenna system is therefore well suited to blackbody
emission measurements as few uncertainties remain after instrumental calibration.
The vacuum flange and receiving antenna are plated to a thickness of 0.0002in
with an electroless nickel process. The nickel surface is compatible with the high
vacuum ~10-7 torr Versator II environment. Fig. 4.5 shows a photograph of the
receiving antenna, vacuum flange, 0.002 in mica sheet, and O-ring vacuum seal.
The signal collected by the receiving antenna is passed to the microwave
receiver by an approximately one meter length section of E-band waveguide. In
fact, the signal path between the receiving antenna and the mixer is composed
entirely of E-band components operating in the fundamental TEO, mode of the
rectangular waveguide. Thus spurious responses due to resonances in the trans-
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Shown is a photograph of the receiving antenna for the Versator II
second harmonic electron cyclotron emission measurements. The horn
antenna is located wholly within the Versator I vacuum vessel and the
vacuum flange, 0.002 in mica microwave transparent window, and 0-
ring vacuum seal are shown.
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Fig. 4.5:
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mission line structure are minimized. At the vacuum flange the waveguide is
connected with electrically insulating fasteners. These, in combination with the
0.002in mica sheet, act to electrically isolate the microwave receiver from the
vacuum vessel potential. The E-band waveguide is fastened rigidly at regular
intervals to a thick parallel aluminum structural support running the length of
the waveguide. The fasteners are electrical insulators and the aluminum support
is fitted with an aluminum cover to completely enclose the waveguide. The alu-
minum support and its cover are electrically grounded for safety and to act as a
transient emf shield for the microwave receiver.
The second harmonic electron cyclotron emission receiver at Versator II is
diagrammed in Fig. 4.6. The instrument is similar in design to the ISX-B de-
vice described in Chapter 2. The Versator II electron cyclotron emission receiver
operates at two distinct local oscillator frequencies. The two microwave sources
are Gunn effect oscillators operating at frequencies of 71 GHz and 66 GHz, respec-
tively. Unlike the ISX-B instrument, the Versator II receiver does not measure
the electron cyclotron emission intensity near each of the two local oscillator fre-
quencies simultaneously. Instead the Gunn effect oscillators are connected to a
4-port waveguide switch and to which, at the remaining two ports, are attached a
waveguide termination and the signal path to the mixer, respectively (see Fig. 4.6).
The waveguide switch directs the microwave power generated by the first of the
Gunn effect oscillators into the signal path to the mixer. Simultaneously the
waveguide switch directs the microwave power generated by the second of the
Gunn effect oscillators safely into the waveguide termination (see Fig. 4.6). Thus
the receiver operates at only one value of the local oscillator frequency, but this
frequency can be altered on a shot-to-shot basis by rotating the waveguide switch
to its complementary position. When the waveguide switch is rotated by 90 the
microwave power generated by the first of the Gunn effect oscillators is directed
passively into the waveguide termination, while the second of the Gunn effect os-
cillators now acts as the receiver local oscillator (see Fig. 4.6). Thus the receiver
shown in Fig. 4.6 can measure the second harmonic electron cyclotron emission
intensity near either of the frequencies 71GHz or 66GHz on a shot-to-shot ba-
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sis. In practice this capability is rarely utilized. As was shown in the previous
section, in the presence of non-thermal electrons the emitting plasma volume is
no longer localized to the w = 2wce(R) resonance layer but is broadened by finite
values of -y > 1 to include much of the central region of the plasma. Small shifts
in the location of the w = 2wce(R) layer are therefore of secondary importance as
compared to factors such as the number density, average energy, and pitch angle
(average transverse energy) of the non-thermal electrons. Typically, and in the
low density slide-away regime, the measured non-thermal electron cyclotron emis-
sion intensity at 66 GHz differs negligibly from the emission intensity at 71 GHz.
The measurements presented here are typically made with a local oscillator fre-
quency of 71 GHz and a toroidal magnetic field of Bo(R = Ro) = 12.5kG.
The Gunn diodes in the oscillators are protected from power supply tran-
sients that can typically occur in the tokamak operating environment. 'Transient
suppression is achieved by AC power line filters at the AC power input to the
receiver cabinet and an additional filter for each of the local oscillator power sup-
plies themselves. These latter filters have an attenuation which exceeds 50 dB for
10 kHz transients. The Gunn diodes are further protected against damage and
degradation by fast response current limiting and over-voltage protection circuits
built into the Gunn oscillator power supplies themselves. The power supplies for
the Versator 11 instrument are manufactured by the same commercial firm that
produced the power supplies for the ISX-B instrument. The modifications re-
quired to the power supplies in the Versator 11 instrument are similar to those
shown in Fig. 2.8 and are not described in detail here.
A variable attenuator in E-band waveguide is used to constrain the total
power in the local oscillator signal, but not the total power in the received signal,
coupled to the mixer (see Fig. 4.6). The attenuator is set to limit the total power
in the local oscillator signal incident on the mixer to a level of approximately
1 mW. The single-ended mixers used in the receiver are not perfectly matched
to the waveguide and a partial reflection of the local oscillator signal at the mixer
is expected. To avoid spurious effects that may arise from such a reflection, a
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Fig. 4.6: Shown is a detailed diagram of the Versator II electron cyclotron emis-
sion receiver. The waveguide transition to the Versator II vacuum
vessel simultaneously serves to electrically isolate the microwave re-
ceiver from the vacuum vessel potential.
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broadband isolator immediately precedes the mixer and absorbs any such reflected
power (see Fig. 4.6).
The local oscillator signal and the received signal are combined at the mixer
and the resultant signal at the difference frequency is amplified and detected by
the circuitry shown in Fig. 4.6. The output of the mixer is amplified by a chain
of two intermediate frequency (IF) amplifiers and subsequently detected. The
amplification is maximized at the IF frequency of WIF/27r ~ 145 MHz. Ampli-
fication occurs about the IF frequency with a full width at the -3dB point of
approximately 50 MHz. Each of the individual amplifiers operate with a gain
of approximately 46dB at the IF frequency. A variable attenuator, here desig-
nated the IF attenuator, with a 1 dB step is placed between the two amplifiers
(see Fig. 4.6) and can be set to any integer value between 0 dB and 99 dB. The
IF attenuator is used to alter the overall sensitivity of the system. During mea-
surements of the electron cyclotron emission intensity from low density Versator II
discharges in the slide away regime, the IF attenuator is typically set to a value
of -48 dB. The signal incident on the detector corresponds to an average over
a frequency interval defined by the bandwidth of the IF amplifier chain, of the
incident signal at center frequencies of w = WLO ± WIF where WLO/27r is the local
oscillator frequency. Since WIF « wLO the receiver output signal represents an
average of the incident microwave power over a (two) small frequency interval(s)
very near the local oscillator frequency.
The detector converts the signal at the IF frequency into a voltage pro-
portional to the power in the input signal. Calibrations show that the detector
operates in the square-law regime, where the video output voltage is proportional
to the square of the incident electric field strength over an -30 dB range of in-
cident signal intensity up to a maximum video output voltage approaching 10 V.
The detector has a wide video bandwidth of DC to 2 MHz and a small output
offset voltage. This output offset voltage is subtracted from the observed signals
before data analysis. To avoid radio frequency interference at the IF frequency
the first amplifier is connected directly to the mixer while the IF attenuator, sec-
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ond amplifier, and detector are connected by 0.141 in diameter semi-rigid coaxial
cable.
The video output is monitored by a digital data acquisition system at a
sample rate of 512kHz. To avoid aliasing of the signals the video output is first
filtered by the 10 kHz low pass filter shown in Fig. 4.6. The filter has a nominal
100 Ohm input impedance to match the 100 Ohm output impedance of the video
detector. The filter also divides the output signal by a factor of 2 in order to
match the DC-10V video output to the DC-5V range of the data acquisition
system. The filter is identical to that used in the ISX-B instrument and its
transfer function is shown in Fig. 2.9.
The first of the IF amplifiers shown in Fig. 4.6 contains a bias network at the
amplifier input designed to draw a constant current of approximately 1 mA through
the mixer diode. The bias circuit is identical to that installed the ISX-B amplifiers
and is shown in Fig. 2.10. The bias circuit is added to the commercially procured
amplifier at the input stage and is designed to stabilize the mixer conversion
efficiency as a function of the local oscillator power level (see Fig. 2.11). With
the mixer biased externally, the microwave receiver output is insensitive to small
changes in the local oscillator power level.
The receiving antenna installed in the Versator II tokamak is identical in
type to that used for the ISX-B electron cyclotron emission measurements (see
Fig. 2.31). Also as in the ISX-B experiments, the E-plane of the microwave
horn antenna is identically the poloidal plane of the torus. The direction of the
electric field polarization in the waveguide is identical to the extraordinary mode
polarization for wave propagation along the direction of the major radius and in the
equatorial plane of the torus. The full width at the half power points (FWHM)
of the directivity projected onto the electron cyclotron resonance determines the
lateral extent of the emitting region. In the Versator II geometry the emitting
volume may not be in the far field (Fraunhofer) limit of the receiving antenna.
In such a case, the directivity and antenna gain can assume a more complicated
form than that given by Eq. (2.165) and Eq. (2.167), respectively. The lateral
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extent of the emitting region in the near field (Fresnel) limit can be approximated
by the scale length of the microwave horn aperture (I ~ 5cm). The width AR
of the emitting region for a non-thermal plasma is principally determined by the
spatial line-width of the resonance. As was shown in the previous section, for
a non-thermal plasma the spatial line-width may no longer be well localized to
the w = 2wce(R) resonance. Furthermore when the plasma is optically thin and
emission reflected from the vacuum vessel walls contributes to the received signal,
the lateral extent of the emitting region is broadened and not well defined. In the
low density slide-away regime, the Versator II plasma is typically optically thin
at w = 2 wce. Thus the second harmonic electron cyclotron emission from low
density Versator II plasma in the slide-away regime originates from an imprecisely
defined plasma region that, within approximately the toroidal angle intercepted
by the receiving antenna, can include much of the plasma volume.
Note that when the plasma is optically thick, as was true during the emission
measurements from the ISX-B tokamak described in Section 2.4, the emitting
volume can be well defined. When the tail electrons can be neglected ne,t ~
0 km, - ds ~ 0) , when the plasma is described as a non-relativistic isotropic
Maxwellian distribution at a temperature Tei = Tel = T,, and when emission
reflected from the vacuum vessel walls can be ignored r > 2, then the emission
detected from the Versator II plasma would be an average of the emission from a
thin cylindrical plasma volume of lateral extent I ! ±2.5 cm and width about the
w=2wce(R) layer of AR <±0.5cm. Optically thick blackbody emission is more
difficult to achieve in the Versator II tokamak because of the typically lower value
of the electron temperature and because of the smaller major radius (magnetic
field gradient scale length) of the Versator II torus.
To date, optically thick blackbody emission from an isotropic Maxwellian
plasma in the Versator II tokamak has not been observed. Optically thick
emission, where the radiation temperature is equal approximately to the elec-
tron temperature, occurs when r > 2 [see Eq. (2.181)] where r, the optical
depth for near-perpendicular propagation of extraordinary mode polarized waves
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at the second harmonic of the electron cyclotron frequency, is given by Eq. (2.78).
With a = we/w2 the optical depth for extraordinary mode polarized waves at
w = 2wce is maximized (dr/da = 0) at the value a = 0.434 [see Eq. (2.78)]. For
w/27r = 71 GHz and when the magnetic field is adjusted to place the w = 2wce(R)
resonance layer at R = RO the magnetic field gradient scale length is LB = 40.5 cm.
The optical depth is maximized at r/Tei = 4.31 x 10- 3 eV- 1 at the opti-
mal central electron number density of ne(p = 0) = 2.73 x 1013 cm- 3 . Using
an electron temperature Tei(p = 0) = 350eV the optical depth and radiation
temperature predicted for these optimal plasma conditions are r = 1.51 and
Trad = 0.78 Tei (p = 0), respectively. Compare, for example, the large value
of the optical depth r ~ 8 and consequent blackbody electron cyclotron emission
Tad ~ Tej observed at the center of the ISX-B tokamak plasma and shown in
Fig. 2.33(c) and Fig. 2.32(c), respectively. In a Versator II tokamak plasma with
a central electron temperature Te±(p = 0) ~ 700eV, as might occur following the
currently-in-progress upgrade of the Versator II ohmic and vertical field power
supply systems, then the optical depth and radiation temperature observed in
these new optimized conditions might be r ~ 3.02 and Trad = 0.95 Tei (p = 0),
respectively. Using the more typical values ne(p = 0) = 1.5 x 1013 cm- 3 and
TeI(p = 0) = 250eV the optical depth and radiation temperature are r = 0.54
and Tad = 0.42 TeI, respectively. Here the contribution of emission reflected
from the vacuum vessel walls can be expected to be significant. Most important
at this value of the central electron number density and below, emission from
the non-thermal component of the electron distribution cannot typically be ne-
glected. Thus for the Versator 1I tokamak plasma, it is often difficult to infer the
bulk electron temperature from measurements of the electron cyclotron emission
intensity at w = 2we; particularly in the presence of such uncertainties as non-
thermal emission from the anisotropic component of the electron distribution and
the absence of an accurate (uncertainty less than approximately ±5 %) instrumen-
tal calibration. In this thesis however, it is the non-thermal emission itself that
is the subject of interest.
The microwave receiver has been tested for spurious and transient responses
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in the presence of intense external sources of microwave and radio frequency power.
To further isolate the receiver from such external sources, the mixer and detec-
tor are surrounded by a covering of microwave absorbent material (Emerson &
Cumming, Eccosorb AN72 to greater than 1 in thickness). Both a gyrotron oscil-
lator producing < 150 kW of microwave power at a frequency of 35.08 GHz and a
klystron amplifier producing < 200 kW of radio frequency power at a frequency of
800 MHz have been used as external sources. The output of the second harmonic
electron cyclotron emission receiver has been monitored when either of these high
power sources is discharged into the empty vacuum vessel (no plasma) and no tran-
sient or spurious responses are observed. Furthermore, the microwave receiver
has been tested by temporarily replacing the receiving antenna with a waveguide
termination. With the input to the receiver blocked in this fashion, the output
of the microwave receiver is monitored during both high power electron cyclotron
resonance heating of the tokamak plasma with the gyrotron source, and during
lower hybrid wave injection at high incident power levels with the klystron source.
No transient or spurious responses are observed during these tests. Therefore the
signals observed at the microwave receiver output represent a true measure of the
electron cyclotron emission intensity incident on the receiving antenna.
No sources of known radiation temperature are available to calibrate the mi-
crowave receiver at Versator II. An approximation to the calibration coefficient can
be made by exploiting the similarities between the Versator II instrument and the
ISX-B instrument described in Chapter 2. In many cases the individual compo-
nents which comprise the two receivers have been purchased from the same manu-
facturer and are of the same or similar model. Compare, for example, Fig. 2.6 and
Fig. 2.7 with Fig. 4.6. Where significant differences do arise, an examination re-
veals that the lower gain of the IF amplifiers in the ISX-B instrument (- - 6 dB),
the power dividing network in the ISX-B instrument (- - 6 dB), and attenua-
tion in the increased length of waveguide connecting the ISX-B receiver to the
receiving antenna (- - 4 dB), are approximately offset by the much larger value
of the IF attenuator setting in the Versator II instrument (- - 16 dB). Thus the
calibration constants appropriate to the two instruments might be expected to be
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approximately equal. For clarity of presentation and for purposes of comparison,
the Versator II instrument is assigned a calibration constant of 0 = 1 eV - mV- 1
relating the output voltage of the microwave receiver to the radiation temperature
of the incident electron cyclotron emission [see Eq. (2.96)]. The uncertainty in
this value of the calibration constant may be on the order of 0(50 %). However,
the conclusions presented here regarding the electron cyclotron emission intensity
remain largely unchanged even if the calibration constant of '3 = 1 eV -mV- were
incorrect by an order of magnitude. For the Versator II tokamak operating in
the low density slide-away regime, the electron cyclotron emission intensity is typi-
cally much larger than the emission level predicted on the basis of the bulk electron
number density and perpendicular temperature alone [see Eq. (2.181)]. The non-
thermal electron cyclotron emission is generated by the anisotropic component
of the electron distribution function and the intensity is a sensitive function of
the number density, average energy, and pitch angle (average transverse energy)
of the tail electrons. The electron cyclotron emission intensity is also affected
by microinstabilities occurring in the low density Versator II tokamak plasma (see
Fig. 4.1). Before further electron cyclotron emission measurements are presented,
the nature of these microinstabilities are described.
4.3 Emission Measurements Below the Electron Plasma Frequency
A strongly anisotropic electron velocity space distribution can drive linearly
unstable waves in the frequency range at and below the electron plasma frequency.
Such instabilities, here termed the Kadomtsev-Parail-Pogutse instabilityt, are ob-
served (see Fig. 4.1) when the Versator II tokamak is operated in the low density
slide-away regime ii, < 0.6 x 1013 cm-3 . Here a strongly anisotropic electron
distribution is maintained by the steady state electric field.
An individual electron with velocity component vo1 along the direction of the
zero-order magnetic field can exchange energy with a wave of frequency w/27r and
t Elsewhere, the Kadomtsev-Parail-Pogutse instability is also referred to as the Parail-Pogutse
instability, the anomalous Doppler instability, the runaway-driven instability, and other, similar
labels.
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wavenumber k when the wave-particle resonance condition is satisfied,
w - nwceI/ - kj vji = 0 (4.13)
where n = 0, ±1, ±2,... is the harmonic number. The resonance at n = 0 is the
%Cerenkov resonance, the resonance at n = -1 is the anomalous Doppler resonance
and the resonances at n = +1,+2,+3,... denote the cyclotron harmonics. For
near-perpendicular propagation k1l ~ 0 the emission and absorption of wave energy
at the cyclotron harmonics w - nw,,/-y ~ 0 where n = +1, +2,... has previously
been described. There absorption and emission were seen to occur at only a single
value of the harmonic number n with a negligible number of electrons resonant
at all other harmonics; except in the case of non-thermal electron cyclotron emis-
sion where it was shown that several harmonics can contribute to the emission
intensity. Here are described temporal and spectral measurements of linearly
unstable waves that exchange energy with resonant electrons at both the n = 0
and n = -1 resonances simultaneously. The evolution of the Kadomtsev-Parail-
Pogutse instability is first described qualitatively. Subsequently, expressions for
the temporal growth rate are derived.
4.3.1 Emission Measurements Below the Electron Plasma Frequency:
The Kadomtsev-Parail-Pogutse Instability
The possibility of instability was first discussed theoretically by Kadomt-
sev and Pogutse18 7 who noted that in the tokamak geometry and under the
influence of a strong steady state electric field, the electron distribution func-
tion f )e (V2, v 1 ) possesses an anisotropic unidirectional tail on the distribution
function. In the tokamak geometry, the zero-order electric field and toroidal
magnetic field are aligned anti-parallel and the anisotropic electrons travel princi-
pally anti-parallel to the direction of the applied electric field (along the direction
of the toroidal magnetic field). Given such a distorted distribution function,
a wave of frequency w, and wavevector ki can be resonant with the electrons
at both the Oerenkov resonance vil = wi/k1| for vil > 0 and the anomalous
Doppler resonance vjj = (wi + Wce/I) /kll simultaneously. Typically w, >> wi,
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(wi + Wce/-Y) /k 1 > wI/kil, and the resonant electron energy at the anoma-
lous Doppler resonance is much larger than the resonant electron energy at the
Nrenkov resonance. Kadomtsev and Pogutsel8 7 state that such a wave is ex-
pected to be unstable and point out that resonant particles at the anomalous
Doppler resonance are pitch angle scattered in velocity space. That is, wave
growth results in a decrease of the longitudinal (along the direction of the mag-
netic field) energy of a resonant electron at the anomalous Doppler resonance and
an increase in its transverse energy; with a small fraction of the decrement in the
longitudinal energy contributing to growth in wave energy.
The linear stability of these waves is first examined and subsequently the mo-
tion of the resonant particles in velocity space. Assume that the wave w, k) is
a near-electrostatic E1 |1 k, plasma oscillation. Then in the non-relativistic linear
theory, the dispersion of these waves is described by the electrostatic dispersion re-
lation Eq. (3.22) with the specie contribution to the electrostatic dielectric constant
given by Eq. (3.18). The temporal growth rate P 1 is given by the imaginary part
of the wave frequency wi -* w1 + ir 1 where P1 < wi. The electric field strength
of the unstable wave then grows (or damps) at the rate of JEI(t) 2 oc exp(2F it) so
that T1 > 0 leads to instability. The calculation of the growth rate is performed
by expanding the dielectric constant about the undamped F1 -* 0 solution,
OER ,0
f (k,IW ER = k1, IW1 - , i (4.14)
where E kR , w is the real part of the dielectric constant, and ER k, w, = 0 is
the electrostatic wave dispersion relation that determines the (real) wave frequency
wi = w (ki). The temporal growth rate then follows as,
S-E (4.15)
aER( k ,W)/ / wwO
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where E k;, W) is the imaginary part of the electrostatic dielectric constant and
EI (k-1 Wi < ER (k1,wi
For a strongly anisotropic electron distribution, the tail electrons can extend
to relativistic energies. The relativistically correct electrostatic dielectric constant
is obtained"'8 from Eq. (3.23), Eq. (3.18), and the following transformations,
V pt (4.16)
S Ch: -- ,(4.17)
a ma , (4.18)
a9 a
-_ -+ ma ,p~ (4.19)
avi ap
and,
dav -+ d3 , (4.20)
where a = e, i is the specie index, p is the relativistic momentum, y =
(1 + p2/m2 c2)1/2 and ma is the specie rest mass. The real and imaginary parts
of the electrostatic dielectric constant, obtained1"' from Eq. (3.23), Eq. (3.18),
and the principal value theorem, are found to be,
*(,U) = + Z (W42) Z +0 +00Enkw =2 E 21Tr p-Ldp-L
+00 / k 1 p (mak I + nO,, fo (p2P 1 1
x P dp iiJ p  ji2 - 9 (4.21)
and,
+ +o +00 kp
1 =+ k2 27r pidp dp JnW n=-oop f( [ 0-00 k c~
x 7r (w - -Q k ) (mak + nOmc2 ± foa(pI2pi) (4.22)
where P denotes the principal value and the transformation to the relativistic form
has been made.
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In evaluating the growth rate I the number density of the tail electrons is
assumed to be much less than the number density of the bulk electrons and thus
the real part of the electrostatic dielectric constant can be evaluated in the non-
relativistic, cold plasma limit. The bulk electrons are assumed to be described
by a Maxwellian distribution of velocities and the real part of the electrostatic
dielectric constant is given by Eq. (3.23) and Eq. (3.20). The wave w (ki) is
assumed to satisfy wj < w1 < Wce, wri < w1 , k1i/k2 >> me/mi, and using
W2 < W2 the cold plasma limit of Eq. (3.20) yields,
2 k2
ER 2IW 1 (4.23)
The dispersion relation ER (Z, W 1  0 gives,
1 k1) =w k1 l (4.24)
which is the high frequency and cold plasma limit of the lower hybrid wave dis-
persion relation [see Eq. (3.76)].
The growth rate is evaluated from the relativistically correct expression
Eq. (4.15) using Eq. (4.21) and Eq. (4.22). The bulk electron distribution is
assumed Maxwellian. The tail electron distribution is assumed unidirectional
along the direction of the zero-order magnetic field (anti-parallel to the direction
of the applied electric field) with a step function at pii = 0. The tail electrons are
assumed to have a Maxwellian distribution transverse to the magnetic field and
the electron distribution can be written as,
fe (P2, P11) = foeI (P1) (27r me T" ) (4.25)
where the dependence of the perpendicular temperature on the parallel electron
momentum is shown explicitly. In evaluating Ej ki,i) the following integrals
are used,
foell (p1j) = 21r p dpi foe (pI, p ) (4.26)
[+00 (2
Tej- (P1) foelj (PI) = 27r p dpi _ foe (p2, p 1) (4.27)2me
and also,
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-foqg (P1) = 0 pidpi P f e (p'I, p1)] (4.28)
where Eq. (4.28) is found from an integration by parts. Note that the assump-
tion of a Maxwellian distribution transverse to the magnetic field is needlessly
restrictive. Eq. (4.26), Eq. (4.27), and Eq. (4.28) are valid for any arbitrary
distribution so long as Tj_ (pa) is recognized as the average transverse energy of
electrons with parallel momentum near pj. In solving Eq. (4.15) for the growth
rate, the ion contribution to the electrostatic dielectric constant is neglected, the
average transverse energy is assumed to be non-relativistic, and the argument of
the Bessel function in Eq. (4.22) is expanded in a finite Larmor radius expansion
J02(k p/mew.e) ~ 1 and J2(kjpi/mewe,) ~ (kip/2mewe)2 where only the
lowest order terms have been retained. Using the above approximations, the
growth rate evaluated from Eq. (4.15) and Eq. (4.22) is found1 88 to be,
F1 -r [ 2  1 (P)] 
_
w1  2-y 5p1 _Mn&Y kil
r , m e^
+ 2 [m TeIba foe1 (P11) -) eiii fo |(pl)_I'll4 wCe ki (9P1 ki n_
7rT LWpe k 1  F a (\m~
+4 2  meyTeit(p)) +k2 k ) foeg (p11)
41 L __ A I ,
(4.29)
where only the n = 0, ±1 terms have been retained and it is assumed that Tei (P11)
is a slowly varying function of p11 so that terms proportional to aTeL (p1j) /dp 1 have
been neglected. The first term in Eq. (4.29) is the contribution to the growth
rate r1 at the erenkov (n = 0) resonance vil = wi/kill where wi/kill > 0 is as-
sumed. The second term is the contribution to the growth rate at the n = +1
resonance oj = (w, - we,y) /kill. For wce >> w, the n = +1 resonance interacts
with electrons at vli < 0 where the tail electrons are assumed negligible. Thus
in the cyclotron damping (n = + 1) term, the substitution Te± (pl) - Tejb is
made to emphasize that the n = +1 resonance interacts with the bulk electrons.
For (wi - Wce/h) /k 1 >> Vthe,b the n = +1 resonance can be neglected. Finally,
the third term in Eq. (4.29) is the contribution to the growth rate at the anoma-
lous Doppler (n = -1) resonance vil = (wi + wce/) /k 11 . For the n = -1 term
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the substitution Tew (p1;) -+ Tei,t (pr) is made to emphasize that the anomalous
Doppler resonance interacts with the anisotropic component of the electron dis-
tribution function. If 8fo,1; (p11) /dp 1 < 0 is assumed, the only term in Eq. (4.29)
which contributes to a positive growth rate is the dfoe1 (p11) /dpi contribution at
the anomalous Doppler resonance [the final term in Eq. (4.29)]. The damping
term at the anomalous Doppler resonance, owing to the afo,1 (p11) /8 pgi contri-
bution there, can typically be neglected in the limit Te1j > Tei,t which is as-
sumed here. The growth rate is then determined by balancing the growth at the
anomalous Doppler resonance against the damping at both the 6erenkov resonance
(n = 0) and/or the n = +1 resonance. For the case of a homogeneous plasma
and assuming a model zero-order electron distribution function Gandy, Hitchcock,
Mahajan, and Bengtson 18 9 report numerical computations of the growth rate 171.
The expression for the growth rate is considerably simplified in the limit
where the runaway creation rate is approximately constant in time. Here the flux
of electrons accelerated by the steady state electric field to the velocity v1 = ve,
is approximately time independent, where ve, is the critical velocity for runaway
electron creation [see Eq. (4.29)]. The runaway electron flux has been calcu-
lated analytically by Kruskal and Bernstein1 6 4 and numerically by Kulsrad, Sun,
Winsor, and Fallon1 6 5 and is given by,
St = 0.35 ne,b eyff (Vthe,b) ( E)expc(f - /2Ec/Eo (4.30)
where vtfey(vl;) is given by Eq. (4.1), and E, is the critical electric field defined
as that value of the zero-order electric field where the critical runaway velocity
is equal to the electron thermal speed. Formally E, is given by Eq. (4.1) in
which EO -+ E, in the limit v,,. -+ Vtheb and n, -- n,. Thus St is the source
function for the anisotropic tail electrons and is approximately constant for fixed
bulk electron number density and temperature, and fixed zero-order electric field
strength.
Above vi = v,, the time rate of change of the anisotropic electron parallel
momentum is determined by: the steady state electric field strength, collective
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phenomena, and to a much lesser extent electron-electron and electron-ion colli-
sions. When collective phenomena are ignored and collisions assumed negligible,
the time rate of change of the parallel momentum of the tail electrons is ap-
proximately constant. In this limit, the tail electron distribution function above
approximately the critical velocity for runaway electron creation vo ;> v, might
be described as a slowly varying function of parallel momentum. Evaluating
Eq. (4.29) in the limit a/dpil -+ 0 yields,
- 2 2 7Ie feel (P') (4.31)
W1 4wee k [ kP 
_ 
where the cyclotron damping at the n = +1 resonance has been neglected
(wi - Wce/y) /k 1 >> Vthe,b and the 'erenkov resonance is assumed to interact
with the tail electrons wI/ki11 > v,,. Note too that Eq. (4.31) is equivalent to
Eq. (4.29) evaluated for a large positive growth rate.
Insummary, in the presence of an anisotropic component of the zero-order
electron velocity space distribution, a wave that interacts simultaneously with
the tail electrons at both the Oerenkov resonance and the anomalous Doppler
resonance can be unstable. Unstable F1 > 0 wave growth occurs when the
tail electron distribution is approximately unidirectional along the magnetic field
(step function at pi = 0) else the unstable positive contribution to the growth
rate at the anomalous Doppler resonance n = -1 is approximately balanced by
cyclotron damping at the n = +1 resonance. The growth rate is maximized
when afo, (pI, p11) /p,, ~ 0 at the wave-particle resonances. This condition can
be achieved for low density tokamak plasma in the slide-away regime. There
the wave interacts with the anisotropic electrons whose velocities are greater than
approximately the critical runaway velocity vj > v,,.
In the Versator II tokamak geometry, measurements of the hard and soft
X-ray bremsstrahlung emission profiles'1 4 ~186 show that the tail electrons are
narrowly confined to the plasma center at approximately p/a < 0.2. Here the
Kadomtsev-Parail-Pogutse instability should be modeled as a convective instabil-
ity in an inhomogeneous plasma. Unstable wave growth occurs in a plasma region
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of width Ax ~ 4 cm. Wave growth occurs for a time interval At = Ax/vgw where
vgi = dawi/dkiiI is the velocity of energy transport across the unstable region.
The transverse group velocity,
Vgj = Wi (4.32)
is obtained from the dispersion relation shown in Eq. (4.24). The electric field
of the unstable waves grows to an amplitude E, oc exp (A where A - =
ki k,
ri Ax/vgi. Substituting for the growth rate 1 and transverse group velocity
vg_ from Eq. (4.31) and Eq. (4.32), respectively, the electric field amplification
factor A - is found"' 8 to be,
A - p ' [me Y Wce foe (P11)] .YL-, . (4.33)
ki 4 We k1  , k
The most unstable waves are therefore those for which kI/k 1 1 is maximized.
The dispersion relation wi (i shown in Eq. (4.23) can be written,
klj_ = pe (4.34)
wi/ki(3
Thus the low phase velocity waves (wi/kl1 -+ 0) are seen to grow to the largest
amplitude. It follows 1 88 that the most unstable waves are those with,
I cr (4.35)
where the Oerenkov resonance n = 0 interacts with electrons whose parallel veloc-
ity is near the critical runaway velocity. Waves with a phase velocity wi/ki < Vcr
can be heavily Landau damped by the bulk electrons and are not included in this
model. The frequency range of the unstable waves is limited to those waves
wi (ki) whose cyclotron damping at the n = +1 resonance is negligible. For a
fixed critical runaway velocity it follows from Eq. (4.35) that the parallel wavenum-
ber kill is fixed, and the condition (wi - w,,/y) /k 1 >> Vthe,b may force an upper
limit to the unstable wave frequency spectra.
Subsequently experimental observations of emission spectra in the frequency
range below the electron plasma frequency are reported. An upper limit to the
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unstable wave frequency spectra is observed. Below this upper limit, the un-
stable wave growth is shown to be well described by Eq. (4.33). The periodic
instability seen in the probe signal of Fig. 4.1 is thus identified as the Kadomtsev-
Parail-Pogutse instability in an inhomogeneous plasma. Before the experimental
measurements are presented, it is important to examine the motion of resonant
particles in velocity space and to discuss the macroscopic effects associated with
the Kadomtsev-Parail-Pogutse instability.
The quasi-linear evolution of the zero-order electron distribution function is
described by the velocity space diffusion equation,
a 2 +0 a L94 N-
eEo 89at fe VI) I:( L viv
me a9g
+ fo 2 (VI, ) (4.36)
where the summation extends over all the wave-particle resonances. The diffusion
operator D, is given by,
87r2 2 lEd{t)12 j2 kivI)
Dn ko - 2 nk2me _ 8 Wce
A k
"2V
x _I 6 (w - nce - kjjvj 1 ) (4.37)
k "l- k2
where A k describes the incremental wavevector spectra about k and jE 1 (t) 2 is
the time dependent electric field strength of the unstable waves. Eq. (4.36) and
Eq. (4.37) are written in the non-relativistic form recognizing that the relativis-
tically correct expressions can be obtained from the transformations Eq. (4.16)
through Eq. (4.20) shown earlier. The first term in Eq. (4.36) describes the
energy exchange between the wave and the resonant electrons and consequently
the velocity space diffusion at the wave-particle resonances. The second term de-
scribes the acceleration of the electrons by the steady state zero-order electric field
E0 . Finally, the third term in Eq. (4.36) describes the evolution of the electron
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distribution function due to electron-electron and electron-ion collisions. The
three terms in Eq. (4.36) naturally suggest a division of the temporal evolution
into separate time scales.
The velocity space diffusion of resonant electrons at the wave-particle res-
onance takes place on a quasi-linear diffusion timescale TQL. The diffusion
timescale is on the order of TQL - o(10/ri) to TQL ~ o(103/r). Approximat-
ing fogii(pii) ~ 0(1/pil) and using ki 1 /kg ~ 1, w1 < we/-, and w/we~ 1/3
then Eq. (4.31) yields a diffusion time at the anomalous Doppler resonance on the
order of TQL - 0(103/wI). Using wi/27r - 0l sec- 1 the quasi-linear diffusion
time is found to be on the order of TQL - 0(1 Asec).
The timescale for changes in the anisotropic component of the electron dis-
tribution due to the electromotive force of the steady state electric field Temf is
inversely proportional to the runaway production rate remf ~ O(ne,b/St). Ap-
proximating Zeff - 2 and E,/Eo - 1/7 then Eq. (4.30) yields an emf timescale
on the order of rem - 0 (10 2 //eff (Vthe,b)). Using Veff(Vthe,b) ~ 10 5 sec- 1 the
electric field emf timescale is found to be on the order of remf - 0(1 msec).
The timescale for changes in the anisotropic component of the electron dis-
tribution due to electron-electron and electron-ion collisions is on the order of the
slowing down time for an electron with average energy Te,t where Te,t >> Te,b.
Equivalently the slowing down time is on the order of re0 n ~ Q(1/veff(Vthe,t)).
Approximating Tet ~ 102 Te,6 and thus Vthe,t ~ 10 Vthe,b the slowing down time
is then on the order of rToIl 0 (10 3 /eyff(Vthe,b)). Again using veff(Vthe,b) ~
10 sec-1 the slowing down time is found to be on the order of rej - 0(l0msec).
For comparison the timescale for changes in the bulk electrons due to colli-
sions r is on the order of r - O(1/Veff(Vthe,b)) or approximately r - 0(10psec);
much faster than either of the slowing down time for high energy anisotropic elec-
trons (r < rcai) or the electric field emf timescale (r < remf). Thus the bulk
electron distribution can be assumed Maxwellian throughout the instability evo-
lution. On the most rapid timescale rqL < Temf < r,,n the evolution of the
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instability is determined by rQL the quasi-linear diffusion of resonant electrons in
velocity space.
The exact temporal evolution of the Kadomtsev-Parail-Pogutse instability
will not be given here. However, the velocity space diffusion of resonant electrons
can be examined without solving Eq. (4.36) and Eq. (4.37) exactly. The diffusion
operator Da can be written approximately as,
A t A t ( (4 .3 8 )
k C At A t
where Av1 describes the incremental change in the electron velocity component
perpendicular to the magnetic field, Avji describes the incremental change in the
electron velocity component parallel to the magnetic field, and At is the incremen-
tal period. Comparing the approximation Eq. (4.38) with the complete expression
Eq. (4.37) the diffusion path of resonant electrons in velocity space is seen to be,
(vi) nwce
nV, QL(4.39)
where the subscript QL indicates that the wave-particle resonance drives the veloc-
ity space diffusion. At the Ierenkov resonance n = 0 the diffusion path described
by Eq. (4.39) predicts no change in the transverse electron energy Av1 = 0.
Resonant diffusion at the Cerenkov resonance will tend to reduce the gradient
a/vIl -+ 0. At the anomalous Doppler resonance n = -1 the diffusion path
couples an increase in the transverse electron velocity Avj > 0 to a decrement in
the electron velocity along the magnetic field ALv < 0.
The diffusion paths at the wave-particle resonances n = 0, ±1, ±2,... can
also be found from the energy and momentum conservation relations. Define NR
as the number density of resonant electrons and N- as the spectral density ofk
waves in the increment A k about k. The equation of energy conservation and
the equation of momentum conservation can be written, respectively, as,
aN- , 1 d
Itv w k)+NR 1me (vI +vI =0 (4.40)
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and,
aN a
k kI + NR me -VI = 0 (4.41)at at
where momentum is conserved along the direction of the magnetic field. The first
term in Eq. (4.40) describes the time rate of change of the wave energy density and
is exactly balanced by the second term, describing the time rate of change of the
resonant particle kinetic energy density. Similarly, Eq. (4.41) describes the time
rate of change of the parallel wave momentum exactly balanced by the time rate
of change of the resonant particle parallel momentum. When NR is non-zero, the
resonant particle diffusion path in velocity space can be written,
Av11  VHIW(k) +Av 1 V1 =0 (4.42)
where ON-/t has been eliminated from Eq. (4.40) and Eq. (4.41). In writing
k
Eq. (4.42) the substitutions av,/at -+ Z2vj/At and av±/at -+ Avi/At have
been used. Note that the diffusion paths of Eq. (4.39) are recovered when the
wave particle resonance condition w ( - nwe) - klog = 0 is substituted into
Eq. (4.42). In differential form Eq. (4.42) describes a circle centered at og = w/kII.
Thus resonant electrons at v1 j = (w - nwce) /k diffuse along a path Ali in velocity
space which lies along the tangent to a circle centered at vI1 = w/kj.
Contours of constant energy are defined by circles in velocity space cen-
tered at vI= 0. Diffusion along a contour of constant energy is described by
Z (,, + V) = 0. Substituting for vj = (w - nwce) /kl yields,
'LV nw,,(4.43)( t) v 2 =constant W f~e(.3
where the subscript O=constant indicates that Eq. (4.43) describes a contour of con-
stant electron energy [compare the quasi-linear diffusion path Eq. (4.39)]. Given
a wave Wi (k,) that is resonant with electrons at the anomalous Doppler reso-
nance n = -1 and given a resonant electron that is assumed to suffer a decrement
in parallel velocity AvjI = -Av, then Eq. (4.39) gives the incremental increase
in transverse velocity of the resonant electron due to the wave-particle interaction
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v 1 (AVIjJQ = (wce/kg1 1 ) Av' . Subtracting this increase in transverse velocity
from the constant energy contour shown in Eq. (4.43) gives,
mevl (A1V)V2-constant - mevL (AVI) QL - k , meAv 1 . (4.44)
On the right-hand side, Eq. (4.44) shows the incremental increase in the wave
energy and is seen to be much smaller than the increase in transverse velocity of
the resonant electron at the anomalous Doppler resonance. In the limit w, < W,
the interaction at the anomalous Doppler resonance is seen to be nearly elastic,
pitch-angle scattering. Here wave growth is accomplished by the sum of: a
decrease in the longitudinal energy (along the direction of the magnetic field) of a
resonant electron at the anomalous Doppler resonance; a nearly elastic increase in
the transverse energy of the resonant electron; and a small fraction, on the order
of Q(wi/we), of the decrement in longitudinal energy contributing to growth in
the wave energy.
The incremental increase in the wave energy at the anomalous Doppler reso-
nance, in the limit wi < Wce, is negligibly small in comparison to the kinetic energy
transfer of the pitch angle scattering. In a plasma with a steady state zero-order
electric field, electrons are accelerated along the direction of the magnetic field
and pitch angle scattered at the anomalous Doppler resonance. Electrons whose
parallel velocity satisfies vi (w1 + wce/y) /klH can be modeled as the energy
source for the unstable waves.
The temporal evolution of the instability can be described qualitatively as
follows (see also Fig. 4.1). Initially, anisotropic electrons are created and acceler-
ated by the steady state electric field and the ratio Teijt/Teigt increases monoton-
ically. Under conditions where the runaway creation rate is sufficiently large and
Eq. (4.29) is satisfied for a positive growth rate, the wave w, (kc1) can be unstable
at the anomalous Doppler resonance. Because the quasi-linear diffusion at the
Oerenkov resonance will reduce the already small gradient dfoei (pgi) /dpII - 0 the
growth rate of the unstable waves may be well approximated by Eq. (4.31). The
nearly elastic scattering at the anomalous Doppler resonance tends to isotropize
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the distribution function in the region pl > mey (w, + wee/'y) /kill on a timescale
on the order of rTQL - 0(1 itsec). The instability may saturate when either the
relation Te1,t >> Tei,t is no longer well satisfied, or when the unstable waves have
propagated out of the central plasma region. On a timescale on the order of
Temf ~ 0(1msec) electrons may again be accelerated by the steady state elec-
tric field to P1 >> my (wi + Wce/-y) /kIl and this free energy reservoir may again
drive the wave w, (i unstable at the anomalous Doppler resonance. Thus the
periodic probe signals seen in Fig. 4.1 are qualitatively explained in terms of the
Kadomtsev-Parail-Pogutse instability mechanism.
4.3.2 Emission Measurements Below the Electron Plasma Frequency:
Review and Background to the Present Study
In a series of papers Parail and Pogutse' 90- 192 describe the temporal evolu-
tion of the instability. Following Kadomtsev and Pogutse,1 87 the work of Parail
and Pogutse190- 1 9 2 examines the temporal evolution of the instability based on
the quasi-linear diffusion equation Eq. (4.36) and a model zero-order electron dis-
tribution function. Parail and Pogutse190-192 compute moments of the quasi-
linear diffusion equation and derive a time-dependent system of coupled equations
for: the velocity-space average transverse energy of the anisotropic component
of the electron distribution, the average longitudinal energy, and the wave energy
density. Such a system of equations describes 190 - 9 ' intense periodic bursts of
emission with properties in qualitative agreement to those observed experimen-
tally (see Fig. 4.1). Parail and Pogutse 19 0- 1 9 2 use two model distribution func-
tions; the first' 90 with the tail electron distribution modeled as two-temperature
Maxwellian (excepting a multiplicative numerical constant of order unity) using
Teit ~ Te,b and Tei,t >> Te,b, and the second 1 9 1 with the tail electron distribu-
tion foeljt(V 1 ) oc (I+ V2 /V2 more correctly reflecting the dependence on vil.
In both cases, the bulk electron distribution is assumed to be Maxwellian with
TeI,b = TeI=,b Te,b. Results for each of the two cases are similar.
Both model electron distribution functions have the property that initially
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dfoeli (vII) /,9v1  < 0 everywhere. In effect, Parail and Pogutse' 90 - 19 2 assume in
advance that the instability condition is determined by a balance between wave
growth at the anomalous Doppler resonance and damping at the Cerenkov res-
onance and/or n = +1 resonance. The qualitative description of the temporal
evolution of the instability given earlier follows, in many respects, from their re-
sults. The quasi-linear evolution of a similar instability (the relaxation of an
electron beam) is described theoretically by Shapiro and Shevchenko,' 9 3 studied
in the experiments of Whelan and Stenzal,19 4 and numerically studied by Muschi-
etti, Appert, and Vaclavik.1 9 5
Parail and Pogutse1 90 reduce their moment equations in the limit
TeIIe - Te±,t < T. 1,t. Choi and Horton19 6 derive a generalized set of moment
equations without the above restriction. Choi and Horton1 96 assume a two-
temperature Maxwellian for the anisotropic electron distribution function and re-
cover all of the previous results; with the exception that the first instability burst
is more intense and drives a larger incremental increase in the average transverse
energy, often by more than an order of magnitude, than subsequent instability
bursts (see Fig. 4.1). This difference arises principally from the disparate time
scales of the instability period rem! and the slowing down time rcoll (rcol > Tern).
A large anisotropy Te.,t >> Tei,t is present prior to the first instability burst. The
first instability burst reduces the anisotropy Tei,t > Tei,t of the resonant elec-
trons at the anomalous Doppler resonance and the incremental change in the
average transverse energy of the tail electrons is large. On the time scale of the
instability period Trn!f (Tem < ) the average transverse energy does not de-
cay significantly and, in subsequent instability bursts, the Parail and Pogutse19 0
approximation Te,t - Teit < Teil,t is recovered. For example, the measured
extraordinary mode polarized second harmonic electron cyclotron emission in-
tensity shown in Fig. 4.1 is itself a sensitive function of the average transverse
energy of the anisotropic electrons. A large increase in the average transverse
energy of the tail electrons is clearly observed at the first instability burst (see
Fig. 4.1). Subsequent instability bursts occur in the Parail and Pogutse' 90 limit
TelI,t - Teit < Te1,t and only a small increase in the average transverse energy of
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the tail electrons is observed (see Fig. 4.1).
The initial work of Parail and Pogutse 190 and that of Choi and Horton196
assume a homogeneous plasma. Liu and Mok' 9 7 calculate the time-dependent
electron cyclotron emission spectrum during the instability. They assume an
inhomogeneous plasma and correctly point out that wave convection out of the
unstable zone is an effective saturation mechanism. Liu and Mok' 97 assume
a non-Maxwellian form for the electron distribution function based on the work
of Cohen16 6 and that of Kulsrad, Sun, Winsor, and Fallon. 165 Liu and Mok1 9 7
find that a rapid increase in the transverse energy of resonant electrons at the
anomalous Doppler resonance can drive intense non-thermal electron cyclotron
emission. They compute the electron cyclotron emission intensity at frequencies
W > wpe from the Schott-Trubnikov formula. Liu and Mok 9 7 show that at
the first instability burst, the extraordinary mode polarized electron cyclotron
emission intensity can increase by approximately an order of magnitude on a time
scale on the order of r TQL - 0(1 sec) (see also Fig. 4.1].
Parail and Pogutse1 90-191 note that when the electrons are pitch angle
scattered at the anomalous Doppler resonance, the resultant zero-order dis-
tribution function is itself unstable to a new class of waves. For example
once the pitch angle scattering has occurred, the portion of momentum space
PU mey (>, + we/y) /ki is populated by high transverse energy electrons.
Conversely, that portion of momentum space pg < me- (w, + wce/y) /k1 1 con-
tains electrons whose transverse energy is small; on the order of the bulk electron
temperature. Parail and Pogutse' 9 0 -191 note that such an electron distribution
can develop a positive slope afoe11 (vjj) /Ovji > 0 in the region w1/kjj < og <
(wi + wce/y) /k 11 where wi/k, ~ ve,, and that such a distribution is unstable to
waves w2 (k2. In the limit Wci < W2 < Wce, k22/k > me/mi, and w2e 2e,
the electrostatic wave dispersion relation yields the dispersion relation for this new
class of unstable waves 0 2 (k 2 ) = ope k2 j/k 2 . The waves W2 interact at the
Cerenkov (n = 0) resonance with the anisotropic electrons. The growth rate of
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this wave is given by,
IF2 7r 2 a 4.5
- =- p F foeii(p)] (4.45)
where the number density of resonant electrons at the n = ±1 resonances is
assumed negligible [compare Eq. (4.29)]. The spectrum of waves W2 k 2 ) is
resonant with electrons at velocities v11 = W2/k2j in the velocity space region
Ve < V1 < (wi + Wce/y) /k, 11. The wave w2 (k 2 ) acts to isotropize the tail elec-
trons afo11 (vil) /avl -+ 0 in the region between approximately the critical run-
away velocity and the anomalous Doppler resonance of the wave W1 (k, . Parail
and Pogutse' 9 1 therefore describe the instability as a near-simultaneous growth of
waves wI ki and W2 k2). The wave w (k pitch angle scatters the tail elec-
trons at the anomalous Doppler resonance, while the wave W2 (k2) maintains a
backward diffusion avog/t < 0 of electrons in the region where afo11 (VII) /8OV > 0.
Electrons interact with the wave w2 (k 2 ) at the erenkov (n = 0) reso-
nance and the backward diffusion occurs along the diffusion path Avi = 0 [see
Eq. (4.39)]. A decrement in the parallel energy of a resonant electron Av1 < 0
provides the source for growth in the energy of waves W2 (k 2 ). Parail and
Pogutse19 1 show that resonant electrons can be trapped in local perturbations
of the magnetic field when the backward diffusion has reduced the parallel veloc-
ity to a level where,
-- < B (4.46)
-- B0
where 6BO is the strength of the magnetic field perturbation. Typically the par-
allel velocity of the trapped electrons might be in the range of vjj < vr.. In
the tokamak geometry, such electrons are mirror trapped in the magnetic field
ripple that occurs in the finite space between the toroidal field magnets. For
the Versator II geometry, the ripple in the toroidal magnetic field is calculated to
be 6B 0/Bo - 1-3%. In the actual experiment misalignment and tilting of the
toroidal field magnets, and error fields from other sources, may significantly in-
crease the magnetic field ripple. The effect of a small magnetic field perturbation
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on the confinement of high energy electrons is studied by Stone and Richards.1 9 8
As a result of the finite gradient in the magnetic field strength the ripple-
trapped electrons will VB drift out of the tokamak plasma with a velocity,
2
Vd = R0 Wc (4.47)2RO wce
where Ro is the plasma major radius. These electrons exit the plasma in a time
At = a/Vd equal to,
Lt = 2w, (4.48)
vI2
where a is the plasma minor radius. For example, a trapped electron with a
transverse energy of 75 keV drifts out of the plasma in a time At ~ 1 psec while a
5 keV electron drifts out in a time At ~ 15 psec. For electrons with an energy less
than approximately 5 keV, the 900 pitch angle scattering time due to collisions is
on the order of At and these low energy electrons are therefore collisionally bound
to the plasma.
Other trapped particle orbits, such as banana-trapped electrons, do not lead
to significant particle losses when the anisotropic electrons are concentrated in the
plasma center p/a < 0.2. At the plasma center the fraction of banana-trapped
electrons is small. A separate instability is described by Coppi, Pegoraro, Pozzoli,
and Newoldt 1 99 which may occur when the anisotropic electrons are concentrated
at the plasma edge and the fraction of banana-trapped electrons is large.
When the Versator II tokamak plasma is operated in the low density slide-
away regime, measurements of the soft X-ray bremsstrahlung emission "-186 in
the energy range 1 keV < hv < 25 keV show a marked asymmetry in the spatial
profile in the direction of the VB drift of electrons. This asymmetry is attributed
to a flux of ripple-trapped electrons originating in the plasma center and drifting
to the vacuum vessel walls. In the Versator II tokamak, the direction of the
VB drift of ripple-trapped electrons is vertically upward; in agreement with the
observed asymmetry in the X-ray bremsstrahlung emission. 1 8 4 186
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During a Versator II tokamak discharge, bursts of hard X-ray emission mea-
sured by an uncollimated scintillator in the energy range hv - 100 keV are seen
coincident with the unstable waves observed in the electrostatic probe signal.
The hard X-ray emission (not shown in Fig. 4.1) is attributed to X-ray gener-
ation from high energy electrons incident on the vacuum vessel walls. Liu, Mok,
Papadopoulos, Engelmann, and Bornatici 200 calculate the energy flux on the vac-
uum vessel walls due to the ripple-trapped electrons. Using a number density
of tail electrons on the order of a few percent, a magnetic field ripple on the
order of f5Bo/Bo - O(10-2), E/Ec, ~ 0(10-1), and an average energy of the
ripple-trapped electrons on the order of 0(35 keV), then Liu, Mok, Papadopoulos,
Engelmann, and Bornatici 200 find an energy flux of ripple-trapped electrons to the
vacuum vessel wall on the order of 0(102 watts/cm- 2).
Bursts of X-ray emission due to high energy electrons incident on the
vacuum vessel walls .have also been observed on the Alcator A 201 and TFR
tokamaks.20 2- 205 In each of these devices, the energy flux carried by the trapped
electrons was sufficient to penetrate and destroy the vacuum vessel wall. In
an exhaustive study, the TFR group reports 2 01 the heat flux to be maximized
at a point midway between the toroidal field magnets where the magnetic field
ripple is simultaneously maximized. The TFR group also reports 203 that this
heat flux maximum occurs at an azimuthal location consistent with the VB drift
of ripple-trapped electrons. In these experiments, the ripple trapping of high
energy electrons can be thought of as a loss mechanism for the anisotropic elec-
trons. The steady state electric field creates and maintains the anisotropy by
accelerating bulk electrons into the runaway region. During an instability burst,
the wave w1 (k 1 ) pitch angle scatters electrons at the anomalous Doppler reso-
nance. The scattered electrons may then suffer backward diffusion in velocity
space idvi/dt < 0 at the 0erenkov resonance of the wave W2 (k 2 ). Such back-
ward diffusion can move a fraction of these electrons into the ripple-trapped loss
cone [see Eq. (4.46)]. Subsequently, the high energy ripple-trapped electrons drift
out of the plasma to be replaced by a cold gas influx at the plasma edge. Thus
an equilibrium may approximately be maintained between the relative number
264
density of the bulk and tail electrons.
Other macroscopic changes in the plasma parameters are observed during
the instability bursts. The development of the instability is accompanied by
transients on the loop voltage signal (see Fig. 4.1). Parail and Pogutse1 91 cal-
culate the magnitude and sign of these transients. The loop voltage VL is given
approximately by,
VL = RnIp + 1iIP (4.49)
at
where Ip is the toroidal current, R1 is the plasma resistance, and 1i is the plasma
internal inductance. The first term in Eq. (4.49) is the resistive component of
the loop voltage and the second term is the inductive component. In writing
Eq. (4.49) the contribution to the loop voltage from mutual coupling to coils
external to the plasma has been neglected. This neglect is justified in calculating
the loop voltage transient as the variations in the external coil currents and in
the mutual inductances are negligible on the time scale of the instability burst.
The loop voltage is defined as an integral of the electric field strength through a
closed loop around the circumference of the torus. In practice, the loop voltage
is measured across a loop external to the plasma p/a > 1. On the time scale of
the instability burst, the experimental loop voltage signal does not measure the
true magnitude of the transients in the electric field strength at the plasma center
p/a ~ 0 because of an implicit low pass filter with a time constant on the order
of the electric field diffusion time through the plasma r- - 0(5kHz). It is
sufficient to consider the sign of the loop voltage transient. The current decay
time is given approximately by the ratio of the plasma internal inductance to the
plasma resistance li/Ru and for Versator II is on the order of li/Rn - O(5msec).
This resistive decay time is much longer than the quasi-linear diffusion time and
thus the toroidal current remains unchanged during the instability burst. In this
limit Parail and Pogutse' 9 ' identify two mechanisms for the loop voltage transient.
In the first, the rapid change in the diamagnetic flux leads to a decrease in the
internal inductance Ali < 0 proportional to the increase in the average transverse
plasma energy. The inductive contribution to the loop voltage then determines
the magnitude and sign of the loop voltage transient. A step-like change in
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the internal inductance leads to a delta function-like transient on the loop voltage
signal. For Ali < 0 the sign of the loop voltage transient is negative (see Fig. 4.1)
and is driven by the pitch angle scattering at the anomalous Doppler resonance.
Parail and Pogutse' 9' show that the magnitude of the (negative) loop voltage
transient is typically large and can be on the order of the resistive component of
the loop voltage.
Alternatively, Parail and Pogutse' 9 ' identify a (positive) loop voltage tran-
sient that is associated with an increase in the plasma resistance due to the loss of
electron parallel momentum by backward diffusion in velocity space. The change
in the plasma resistance is proportional to the average decrease in parallel velocity,
so that ARQ > 0 as a consequence of backward diffusion. Here, the resistive com-
ponent of the loop voltage determines the loop voltage transient AVL AR Ip
and the sign of the loop voltage transient is positive. Parail and Pogutse' 91
show that the magnitude of the (positive) loop voltage transient is, in this case,
approximately given by,
AVL ~ VLl2t (4.50)
IP
where Ipt is the toroidal current carried by the anisotropic tail electrons and Ip
is the net toroidal current. Thus the loop voltage transient is expected to be
negative except when the anisotropic electrons carry a significant fraction of the
toroidal current. Positive AVL > 0 loop voltage transients have been observed
on Versator II and an example of such an effect is shown subsequently.
The temporal evolution of the Kadomtsev-Parail-Pogutse instability has
been computed numerically by Muschietti, Appert, and Vaclavik. 206 Unlike the
previous work, Muschietti, Appert, and Vaclavik 20 6 do not reduce Eq. (4.36) and
Eq. (4.37) to a system of equations for the moments of average transverse energy,
average longitudinal energy, and wave energy density. Instead their computa-
tion makes no assumptions about the zero-order electron distribution function.
Muschietti, Appert, and Vaclavik2 '6 compute the temporal evolution of both the
distribution function and the wave spectrum from Eq. (4.36) and Eq. (4.37) di-
rectly. They begin their numerical computation with an initially Maxwellian dis-
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tribution that is distorted in time under the influence of both a steady state electric
field and Coulomb collisions. Muschietti, Appert, and Vaclavik20 6 perform two
separate computations based on two different interpretations of the boundary con-
ditions. In their first case, the number density of the bulk electrons is assumed
constant in time. Essentially they allow a particle source function at vjl = 0 equal
to the runaway creation rate. In this limit, the evolving distribution us found to
be stable to both the waves w (ii k) and W2 (k2 . A similar result was found in
the numerical simulations of Wiley, Choi, and Horton 20 and of Michishita and
Nishihara. 2 08 The work of Wiley, Choi, and Horton 20 however, was concerned
principally with a study of the runaway creation rate. Above vi ~ v,. Wiley,
Choi, and Horton 2 07 parameterize, rather than solve for, the exact shape of the
electron distribution function. Therefore the numerical model of Wiley, Choi,
and Horton 20 7 may not be well suited to a determination of the stability at the
anomalous Doppler resonance.
In their second case, Muschietti, Appert, and Vaclavik 20r assume that the
total electron number density, bulk plus tail, is constant in time. In this limit,
no external particle source functions are introduced. In these computations, the
initially Maxwellian electron distribution develops an anisotropic tail under the
influence of the electric field and the total electron number density is conserved.
The anisotropic tail is now found to be unstable to the waves w, (k, 1 ) and W2 (k 2 )
The wave w, k pitch angle scatters electrons at the anomalous Doppler reso-
nance v-l = (w, + Wce/') /k and the wave W2 (k 2 ) drives the backward diffusion
at the Cerenkov resonance vjj = w2 /k 2 j1 . In their numerical computation however,
Muschietti, Appert, and Vaclavik 20 3 find not a periodic instability but a quasi-
steady state solution where the zero-order electric field maintains a quasi-steady
state spectra of unstable waves wi (k,) and W2 (k2). In their model the system
evolves to a quasi-steady, highly non-Maxwellian, turbulent state. The numerical
simulation is not periodic and the quasi-steady state solution is not recycled to a
stable state from which the instability could grow up again. Muschietti, Appert,
and Vaclavik 20 ' do find that the spectrum of unstable waves w, k interacts at
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the Cerenkov resonance with electrons near the critical runaway velocity v ~ vc,;
consistent with the most unstable wave criterion developed earlier from the linear
theory [see Eq. (4.50)].
The obvious disparity between the experimental observations and the nu-
merical simulations of Muschietti, Appert, and Vaclavik 20 6 and also of Wiley,
Choi, and Horton 2 07 provokes some comment. Both computations assume a
homogeneous plasma with Coulomb collisions. In these simulations, no other
mechanisms, such as ripple-trapped electrons, are available to recycle the tail elec-
trons. The two cases considered by Muschietti, Appert, and Vaclavik, 2 06 namely
(i) a constant bulk electron number density and (ii) a constant total electron
number density, might appear to differ negligibly since typically ne,b > n,. Yet
these two boundary conditions are found to yield an absolutely stable solution
and an evolution to a quasi-steady unstable solution, respectively. From the re-
sults of (i) the case of a particle source function at vi = 0, a plasma might be
expected to be stable against the Kadomtsev-Parail-Pogutse instability whenever
the bulk electron number density is continuously increased at a rate equal to or
exceeding the runaway creation rate. Note that in a typical Versator II tokamak
discharge, the plasma is initiated at a high value of the electron number density
ii, ~ 1 x 1013 cm- 3 and the electron density is subsequently allowed to decay
in time into the low density slide-away regime. Clearly, both the correct long
time scale behavior of the electron number density and the loss mechanisms avail-
able to recycle the tail electrons into the bulk distribution need to be included
in the numerical studies. Furthermore, in these numerical simulations the zero-
order electric field is assumed to be time independent. In the quasi-steady state
solution found by Muschietti, Appert, and Vaclavik 20 6 this electric field acts to
accelerate a continuous and non-vanishing flux of electrons into the anisotropic tail
of the distribution at vl ;> v,,. Thus the total current density in the numerical
simulation is continuously increasing. In the experiments however, the electric
field is typically adjusted, often by active feedback, to maintain the total toroidal
current at a constant value. Furthermore, the assumption of a time independent
zero-order electric field ignores those changes in the electric field occurring at the
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instability onset. Parail and Pogutse' 9 ' show that the transients in the electric
field strength at the instability burst can be on the same order as the imposed
electric field itself. Thus the instability may act to temporarily halt the flow of
electrons into the runaway region. A periodic instability may then result if the
self-consistent evolution of the zero-order electric field is included in the numerical
studies.
For example, when the change in internal inductance at the instability burst
reduces the electric field significantly (negative loop voltage transient as in Fig. 4.1)
the critical runaway velocity will increase to a larger value (see Eq. (4.3)]. The
subsequent collisional isotropization of the low energy tail electrons may Landau
damp the wave w1 (k i) and eventually stabilize the system. The collisional
isotropization can take place on a time scale on the order of the slowing down
time for an electron at several times the bulk thermal speed. This time scale
r ~ O(10tpsec) is longer than the quasi-linear diffusion time rQL - 0(1 gsec),
is on the order of the burst duration, and may be consistent with the observa-
tions of Fig. 4.1, As the electric field strength subsequently recovers, the system
may recycle to a state where the instability can again grow unstable. Thus a
self-consistent numerical simulation should include the long time scale and self-
consistent behavior of the zero-order electric field.
A steady state solution to Eq. (4.36) and Eq. (4.37) is also reported by
Molvig, Tekula, and Bers.'", 2 09 They solve Eq. (4.36) and Eq. (4.37) analytically
in the time independent limit afoe(p1, pj) /t -> 0. Thus a quasi-steady state
solution is assumed initially and periodic solutions are ignored. Molvig, Tekula,
and Bers 188 2 0 9 assume an inhomogeneous plasma and consider convection of the
unstable waves out of the resonance region; although radial diffusion of electrons
is neglected. Other loss mechanisms available to recycle the anisotropic electrons
into the bulk plasma, such as ripple-trapped electrons, are similarly neglected.
Molvig, Tekula, and Bersi1', 209 find a quasi-steady state solution similar to
the numerical studies of Muschietti, Appert, and Vaclavik. 200 Molvig, Tekula, and
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Bers 1i1, 209 find an unstable spectrum of waves w, k = wpkj 1 /kj at frequencies
below the electron plasma frequency w1 < wpe. The wave w (i ) drives pitch
angle diffusion at the anomalous Doppler resonance. In the quasi-steady state
solution of Molvig, Tekula, and Bers 18 ',2 09 the distribution function can develop
a small positive slope dfoej1 (p1!) /dpl ;> 0 and is unstable to the spectrum of waves
W2 (k 2 ). A quasi-steady equilibrium is maintained at dfog (pgj) /dpij ~ 0 by the
oscillations W2 (k 2 ) which produce at the Cerenkov resonance vjj = W2/k2j the
backward diffusion necessary to maintain the slope a/dpl, near zero. The quasi-
steady state solution of Molvig, Tekula, and Bers1 8 209 is undoubtedly correct in
the asymptotic limit 4/t -+ 0. However, Molvig, Tekula, and Bers 18,209 fail to
show how a physical system can evolve into such a quasi-steady state. Clearly
the observations shown in Fig. 4.1 suggest a time dependent solution.
Other numerical studies of the temporal evolution of the Kadomtsev-Parail-
Pogutse instability are reported by Papadopoulos, Hui, and Winsor2 10 and also
by Hui and Winsor. 21  These studies assume an initial zero-order electron dis-
tribution where the anisotropic tail electrons are modeled as a Maxwellian dis-
tribution with Te1,t >> Tei,t. The bulk electron distribution is also assumed to
be a Maxwellian with Te,1,b TeI,b = Te,b and Tei,t ~ T ,,. In these studies
the plasma is assumed homogeneous. Hui and Winsor 2 ' begin their numeri-
cal simulations with parameters Teii,t, Tei,,t, and Teb chosen so that the growth
rate I71 is positive and thus the initial distribution is assumed unstable to the
Kadomtsev-Parail-Pogutse instability. In the numerical simulations, Hui and
Winsor 2 ' find that the Kadomtsev-Parail-Pogutse instability saturates, and sub-
sequently ceases, in a time scale on the order of several times the quasi-linear
diffusion time TQL ~ 0(1 gsec). This behavior is consistent with the experimen-
tal observations of Fig. 4.1, however, the periodic nature of the instability has not
yet been demonstrated theoretically. The numerical studies of Hui and Winsor 2 '
do not follow the temporal evolution past the first instability burst.
In conclusion, the periodic nature of the instability, the single most salient
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feature of experimental observations such as that shown in Fig. 4.1, remains quan-
titatively unexplained.
The dispersion relation w = wpkil/k predicts emission near w = Wpe in
the limit kI -* 0. However, intense non-thermal emission near W = wpe can
arise from sources other than the Kadomtsev-Parail-Pogutse instability. Freund,
Lee, and Wu 212- 213 and also Freund, Wu, Lee, and Dillenburg 214 calculate the
electron cyclotron emission from a strongly anisotropic electron distribution in
low density plasma. Spontaneous emission at and above the electron plasma
frequency w > wpe is found for the extraordinary mode polarization in low den-
sity plasma we < Wce when the parallel index of refraction N11 = ckij/w exceeds
unity. The emission is maximized for waves on the extraordinary mode branch
of the Appleton-Hartree dispersion relation whose wavevector is near-parallel to
the magnetic field cos-1 (k1 /k) < 15'. When Nil > 1 and consequently w/k 1 < c
these waves interact at the Cerenkov resonance oi = w/kg with the anisotropic
tail electrons. For a strongly anisotropic distribution, the emission intensity at
and above the electron plasma frequency w > wp, can exceed, by an order of
magnitude, the blackbody intensity evaluated at the bulk electron temperature.
Freund, Lee, and Wu 2 12- 213 and also Freund, Wu, Lee, and Dillenburg 2 14 show
that the direction of wave energy transport for wave frequencies at and above the
electron plasma frequency is predominantly perpendicular to the ambient mag-
netic field. In the tokamak geometry, the accessibility of the emission at w > we
to a receiving antenna external to the plasma is discussed by Freund, Lee, and
Wu 212 and also by Bornatici and Engelmann. 2 15 Freund, Lee, and Wu 2 12 -2 13
and also Freund, Wu, Lee, and Dillenburg 2 14 show that the emission intensity is
functionally dependent on the parallel electron energy through the Cerenkov res-
onance term and is insensitive to the average transverse energy. This mechanism
can lead to intense non-thermal emission at frequencies greater than or approxi-
mately equal to the electron plasma frequency. Short, intense bursts of radiation
at w < wp, cannot be explained by this mechanism.
Experimental observations of the Kadomtsev-Parail-Pogutse instability and
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phenomena associated with the low density slide-away regime, are reported in:
the T-6 tokamak2 16 plasma at the I.V. Kurchatov Institute of Atomic Energy,
USSR; in the TM-3 tokamak2 17- 2 2 1 plasma also at the Kurchatov Institute; in
the LT-3 tokamak 2 2 2 plasma at the Australian National Laboratory; in the TFR
tokamak202 - 205 ,2 23- 224 plasma at the Centre d'Etudes Nucldaires de Fontenay-
aux-Roses, France; in the ATC tokamak2 25 plasma at the Princeton Plasma
Physics Laboratory; in the Alcator A and Alcator C tokamak2 2 6- 23 7 plasma at
the Massachusetts Institute of Technology; in the Ormak tokamak 238- 239 plasma
at the Oak Ridge National Laboratory; in the NOVA II tokamak24 0 plasma at
Kyoto University, Japan; in the PRETEXT tokamak 24 1 - 2 42 plasma at the Uni-
versity of Texas at Austin; in the ASDEX tokamak 2 4 3- 2 " plasma at the Max-
Planck-Institut fur Plasmaphysik in the Federal Republic of Germany; and here
in the Versator II tokamak 24 5- 246 plasma. Reported in the above studies are
phenomena such as: periodic step-like increases in the temporal intensity of
extraordinary mode polarized emission at the second and higher harmonics of
the electron cyclotron frequency; 2 0 5 ,2 1 8 ,2 2 5 ,2 39 - 2 4 1, 2 43- 246 periodic loop voltage
transients; 2 0 3 -20 4, 2 16 - 2 1 8 ,2 2 2 ,2 2 5 , 2 2 8 ,2 3 8 - 2 4 0 ,245-246 diamagnetic signals that show
periodic increases in the average transverse plasma energy;2 1 6 - 2 1 7 , 2 4 0 and periodic
bursts of X-ray emission that originate from high energy ripple-trapped electrons
incident on the vacuum vessel walls, 2 0 2 - 2 0 5 , 2 1 6 - 2 18 ,2 2 2 , 2 3 8- 2 4 1 ,2 4 5 -24 6 or from X-
ray plasma bremsstrahlung emission. 184 -186,204,219 The origin of these phenom-
ena in the context of the Kadomtsev-Parail-Pogutse instability has been described
previously. In what follows, measurements of emission at and below the electron
plasma frequency are reviewed.
Emission measurements at frequencies well below the electron plasma fre-
quency have been reported by many experimental groups. Intense bursts of elec-
tromagnetic VHF radiation are reported from low density discharges in the T-6
tokamak.2"' The observed signals 21 represent the average power received over
the frequency range 4 GHz < w/27r < 6 GHz which range corresponds approxi-
mately to w ~ 5w,e. Measurements of electromagnetic emission are reported at
the TM-3 tokamak2 17- 2 1 1 in the frequency range w/27r < 4 GHz or approximately
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1.11_ -
W < }W,.. From the TM-3 tokamak plasma and at frequencies w/27r < 2 GHz,
Alikaev, Arsen'ev, Bobrovskii, Kondrat'ev, and Razumova 2 17 detect intense peri-
odic bursts of emission. The duration of a single burst of emission is found to
be on the order of -10 usec (see also Fig. 4.1). Alikaev, Arsen'ev, Bobrovskii,
Kondrat'ev, and Razumova 2 17 detect the electromagnetic waves with a loop an-
tenna. Alikaev, Arsen'ev, Bobrovskii, Kondrat'ev, and Razumova 2 17 state that
at frequencies w/27r > 2 GHz the emission spectrum has a sharp boundary. Mea-
surements of intense bursts of electromagnetic radiation in the frequency range
300 MHz < w/27r < 5GHz are also reported from the Alcator A tokamak.228
For the Alcator A measurements, 22 8 the spectral range studied corresponds to
Intense periodic bursts of electromagnetic radiation are also reported from
low density discharges in the ORMAK tokamak. 23 9 The radiation is detected as an
average over the frequency range 700 MHz < w/27r < 1000 MHz (w < wpe). An
electrostatic probe is used to detect intense periodic bursts of emission from low
density plasma in the NOVA II tokamak. 24 0 At NOVA II the emission represents
an average over the frequency range 400 MHz < w/27r < 1000 MHz. Temporal
measurements of the emission from the ORMAK and NOVA II tokamak plasma
are very similar to the measurements shown in Fig. 4.1 from the Versator II device.
Many of the experimental studies detect electromagnetic radiation with ei-
ther a waveguide or loop antenna. The Kadomtsev-Parail-Pogutse instability
describes growing electrostatic waves of the form w = wpek 1 /k. The non-linear
conversion of these electrostatic waves to electromagnetic waves is discussed by
Fidone, Ramponi, and Brossier, 24-245 by Hutchinson, Molvig, and Yuen,24
by Swartz, Hutchinson, and Molvig, 25 0 and in comments by Hutchinson and
Molvig, 2 5 and by Papadopoulos, Freund, and Lee. 25 2 The unstable electrostatic
wave power spectrum may become distorted 24 1 in the conversion to the electro-
magnetic waves. For the Versator I1 measurements reported here, the electrostatic
wave power spectrum is measured directly by an electrostatic probe. The elec-
trostatic probe is located at the plasma edge and the Versator II studies assume
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only that the energy in the unstable waves is accessible to the probe location.
Broadband electromagnetic emission near w = wpe is reported from the
TFR tokamak 20 2 - 2 05 ,2 2 3 - 2 2 4 and the Alcator C tokamak. 2 2 9 - 2 3 0 ,2 3 3 ,25 0 During
experiments on the TFR tokamak, intense non-thermal steady state emission is
observed 2 02 ,2 0 4- 2 05 , 223- 224 from low density plasma in a broad frequency range
near approximately to the electron plasma frequency. The center frequency of
the intense non-thermal emission is observed 223 to be consistently larger, by ap-
proximately 5 %, than the central electron plasma frequency. Such an emission
spectra is consistent with the theory of Freund, Lee, and Wu 212- 213 and also Fre-
und, Wu, Lee, and Dillenburg. 2 1 4 On the Alcator C tokamak, intense steady
state emission is also observed 229- 23 0 ,23 3 ,25 0 from low density plasma in a fre-
quency range near approximately- to the electron plasma frequency. Similar to
the TFR measurements, the intense non-thermal and steady state emission from
the Alcator C tokamak occurs in a frequency range above the central electron
plasma frequency 2 2 9 W > Wpe(p = 0). Such a broadband, steady state emission
spectrum is found 2 33 ,210 to be in agreement with the theory of Freund, Lee, and
Wu 212 - 2 1 3 and also Freund, Wu, Lee, and Dillenburg. 21 1
In separate low density Alcator C tokamak plasma, intense bursts of elec-
tromagnetic radiation are observed 232- 23 3 at a frequency equal approximately
to the electron plasma frequency w ~ WF,e and with a narrow spectral width
nWIW < 10-2. Similar narrowband fluctuating electromagnetic emission at
W ~ p is observed in the PRETEXT tokamak.2 42 The bursts of radiation at
w ~ wpe observed in the Alcator C plasma are interpreted232- 23 3 ,25 3 as orig-
inating from a non-linear conversion of oscillations at w ~ Wpe to observable
electromagnetic waves. An analysis of the structure and dispersion of waves at
W ~ Wpe in cylindrical inhomogeneous plasma has been performed by Hutchinson
and Gandy. 25 3 The most unstable waves at w ~ wp, are found to be the lowest
order radial and poloidal eigenmodes of the cylindrical cavity. Hutchinson and
Gandy 25 3interpret the observed narrowband fluctuating emission at w ~ wpe as a
maser action in the quasi-cylindrical tokamak plasma. In distinct but similar low
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density plasma in the Alcator C tokamak, a steady state emission with a narrow
spectral width Aw/w < 10-2 about w ~ wpe is observed. 234 It should be empha-
sized that intense, periodic bursts of emission at w < wpe cannot be explained by
the above mechanisms (see, for example, Fig. 4.1).
In what follows, measurements of emission from low density Versator II toka-
mak plasma in the frequency range below the electron plasma frequency are de-
scribed. The frequency range studied 100 MHz < w/27r < 12.4 GHz covers more
than seven octaves and represents the largest continuous spectral range studied to
date. Intense periodic bursts of emission at w < wpe are observed and detailed
measurements of the wave spectral power are reported. It is shown that the
observed emission spectrum can be described by the Kadomtsev-Parail-Pogutse
instability model.
4.3.3 Emission Measurements Below the Electron Plasma Frequency:
The High Frequency Probe
The unstable waves are detected with a high frequency electrostatic probe.
A schematic diagram of the high frequency probe is shown in Fig. 4.7. The probe
itself can be described as simply a coaxial transmission line of 50 Q characteristic
impedance where, at the probe tip, the outer conductor is cut back to expose a
short length of the center conductor. To detect the unstable electrostatic plasma
oscillations, the probe is physically immersed in the plasma in the region between
the limiter radius and the vacuum vessel wall p/a > 1. The probe cannot be
located at smaller values of the minor radius p/a < 1 as the runaway electron flux
inside the limiter radius typically erodes and eventually destroys the probe tip.
The probe itself is identical to that described in Chapter 3 (see Section 3.4.4).
Details of the probe construction will not be repeated here. Note that both
electrostatic and electromagnetic waves can be received by this probe construction.
A superheterodyne receiver is connected to the probe and detects the high
frequency signals. The signals are passed to the receiver by a broadband low
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Fig. 4.7: Shown is a schematic diagram of the high frequency probe. The probe
is used to measure the electrostatic and electromagnetic wave emission
spectrum in the frequency range 1 GHz < w/2ir < 13.8 GHz.
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loss transmission line (see Fig. 4.7). The transmission line is a semi-rigid copper
coaxial transmission line of diameter 0.375 in and characteristic impedance of 50 f.
The useable bandwidth of the transmission line extends to -13.8 GHz. Above
this frequency the transmission line supports high order modes of propagation
beyond the TEM mode. A bandpass filter, shown schematically in Fig. 4.7, is
placed between the transmission line and the mixer. In practice, a series of coaxial
bandpass filters operating in each of the frequency passbands 1-2 GHz, 2-4 GHz,
4-8 GIHz, 8-12.4 GHz, and 12.4-18 GHz are used. the filters are interchanged on a
shot-to-shot basis. The filters have an out-of-band attenuation exceeding 60 dB.
The measured insertion loss ?7 of the combination transmission line and band-
pass filter is shown in Fig. 4.8 and is plotted as a function of signal frequency w/27r.
The insertion loss 7(w) is identically the attenuation experienced by the received
signals propagating through the transmission line and bandpass filter. The filled
circles are the measured insertion loss. The solid line is given by the formula,
= 0.5 dB + a (w/2r)1/ 2  (4.51)
where,
a = 3.0 dB-GHz -1 2 . (4.52)
Here, a is the attenuation in the 75 ft length of transmission line as specified by the
manufacturer and 0.5 dB is the insertion loss of the bandpass filter also as specified
by the manufacturer. The solid line in Fig. 4.8 extends to the frequency w/27r =
13.8 GHz. Above this frequency, the transmission line supports more than one
mode of propagation. The rapid increase in the insertion loss for frequencies
above w/27r = 13.8 GHz arises from mode conversion of the lowest order TEM
mode into the strongly attenuated high order TE and TM modes. It is evident
from Fig. 4.8 that in the frequency range 1 GHz < w/27r < 12.4 GHz no spurious
responses are observed in the signal propagation thorough the transmission line
and bandpass filter.
The transmission line and bandpass filter network connect the electrostatic
probe to a superheterodyne receiver. At the receiver, the mixer diode is powered
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Shown is the measured insertion loss 7 of the transmission line and
high pass filter used in the high frequency probe apparatus. The
insertion loss is plotted as a function of the signal frequency w/27r. The
bandwidth of the instrument is seen to be 1 GHz < w/27r < 13.8 GHz.
The solid line in the figure is given by 77 = 0.5 dB + a (w/2r)i1/ 2 where
a = 3.0 dB-GHz- 2
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by a local oscillator covering the frequency range 1 GHz < WLo/27r < 18 GHz.
In practice five separate local oscillator modules are used covering the frequency
ranges of 1-2 GHz, 2-4 GHz, 4-8 GHz, 8-12.4 GHz, and 12.4-18 GHz, respectively.
Each of the separate bandpass filters are therefore matched to a particular local
oscillator module and these two are interchanged synchronously on a shot-to-shot
basis. A feedback leveling loop (not shown in Fig. 4.7) is used to maintain the
local oscillator power incident on the mixer at a fixed value of 10mW. This
is a sufficient local oscillator power level to self-bias the mixer. No external
bias circuits are present. The mixer itself is a low-noise double-balanced mixer
operating with a conversion efficiency of 6 dB ± 1 dB throughout the frequency
range 1 GHz K w/27r < 26 GHz.
Following the mixer, the power in the difference frequency is amplified and
detected. The intermediate frequency (IF) amplifiers operate at a center fre-
quency of WIF/27r = 60MHz. The full width of the half power points of the net
IF amplifier gain is approximately 20 MHz. Thus the high frequency probe detects
emission in a 20 MHz bandwidth centered about the frequencies WLO ± WIF where
1 GHz WLo/27r < 18 GHz is the local oscillator frequency. Since WIF < WLO
the measured signals originate in a (two) frequency interval(s) narrowly centered
about the local oscillator frequency. In what follows the received signal inten-
sity is referred to by the corresponding local oscillator frequency with the finite
bandwidth of the receiver implied.
The IF amplifier chain consists of a low noise pre-amplifier, an IF attenuator
(neither shown in Fig. 4.7), and a log/video detector. The pre-amplifier operates
with a fixed 30 dB gain at the IF frequency. In this system, the value of the IF
attenuator cannot be varied and is held fixed at an attenuation of 6 dB. In order
to observe the intense transient bursts of emission, a log/video detector is used.
The output voltage VOLt of the log/video detector is given by,
V =/# 10 llo + P + Vnise (4.53)
where P is the power incident on the log/video detector, Vnoi, is the output
voltage of the log/video detector with no incident signal, # = 31 mV/dB is a
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constant determined by calibration, and Paci,, ~ -85 dBm is the noise power
generated internally by the log/video detector.
For example, with an input power of 1 mW at 60 MHz, the log/video de-
tector produces an incremental output voltage Vout - Vnoise = 2620 mV, while
an incremental output Vout - Voiae = 760 mV indicates an input power of 1 nW
[see Eq. (4.53) with P = -60 dBm, P,,i,, = -85 dBm, and 0 = 31 mV/dB].
The log/video detector is calibrated over a 90 dB dynamic range corresponding to
signals incident on the log/video detector in the range of approximately 4 pW to
4 mW. The risetime of the log/video detector is approximately 0.05 gsec. Thus
the high frequency probe and superheterodyne receiver system is optimized to de-
tect intense transient bursts of emission in the frequency range 1 GHz to 12.4 GHz.
No broadband noise source is available to calibrate the high frequency probe
and receiver system. A limited calibration has been performed with a coaxial
noise source. In the frequency band 2-4 GHz, the source is specified by a noise
figure. (NF),ource = 15 dB corresponding to a radiation temperature (Trad),ource =
0.79eV [see Eq. (2.94)]. Outside the 2-4 GHz frequency band, the radiation
temperature of the noise source is not defined. The power P generated by a
coaxial noise source at temperature Trad is given by,
P = TradB (4.54)
where B is the bandwidth of the measuring instrument [see Eq. (2.95)]. During
the calibration the noise source is connected directly to the mixer. With the
noise source operating, an incremental output voltage Vout - Vuois, = 230mV is
measured. the incremental output voltage of 230 mV is independent of the lo-
cal oscillator frequency in the range 2 GHz < WLo/27r < 4 GHz. This confirms
that the only frequency-dependent element in the high frequency probe and re-
ceiver system is the insertion loss of the transmission line and bandpass filter (see
Fig. 4.8).
In what follows, the noise figure of the receiver is determined. An incre-
mental output voltage of 230 mV can also be produced by an equivalent black-
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body source at the probe of noise figure NF = 15 dB + r. For example, at
WLo/27r = 2.4 GHz the insertion loss of the transmission line and bandpass filter
calculated from Eq. (4.53) and Eq. (4.54) is found to be 7 = 5.15 dB. Thus
calibrations reveal that at a local oscillator frequency of WLo/2r = 2.4 GHz an
incremental receiver output voltage of Vout - Vnoise = 230 mV would be pro-
duced should the probe tip be replaced by a blackbody source of noise figure
NF = 20.15dB or equivalent blackbody temperature Trad = 2.59eV. In this
analysis, the attenuation of the signal inside the probe itself (< 1 dB) is neglected.
The output voltage of the receiver can therefore be written,
V.Ut = 10log10 Trad+ Ttoise + Vnoise (4.55)
where 3 = 31 mV/dB, VYoise is the output voltage of the receiver with no input
signal, Trad is the input power to the receiver expressed in terms of the radia-
tion temperature of an equivalent blackbody source located at the probe tip, and
Tnoise is the receiver noise temperature. Here Tnoise is approximately deter-
mined by: the noise power Pnoise at the log/video detector, the net 24 dB gain
of the pre-amplifier and IF attenuator, the approximately 20MHz bandwidth of
the IF amplifier chain, the conversion efficiency of the mixer, and the frequency-
dependent insertion loss of the transmission line and bandpass filter (see Fig. 4.8).
A receiver noise temperature at 2.4 GHz of Tnoise = 0.573 eV is found from the
calibration results Vout - Vnoise = 230 mV, Trad = 2.59eV, and using Eq. (4.55).
The functional dependence of the receiver noise temperature on the signal fre-
quency Tnoise(w) is determined by the insertion loss of the transmission line and
high pass filter 7(w) and can be expressed as,
10 log Tnoise(W) ) () (4.56)
where the quantity T is frequency independent. At w/27r = 2.4 GHz the insertion
loss of the transmission line and high pass filter is 1 = 5.15 dB, the receiver
noise temperature is Tnoise = 0.573eV, and T = 0.175eV is thus determined.
The receiver noise figure is seen to be an increasing function of frequency. For
example, at w/27r = 9 GHz the insertion loss is r7 = 9.5 dB and Eq. (4.56) yields for
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the receiver noise temperature T,,i,, = 1.56 eV. Physically, a larger input signal
is necessary at a higher signal frequency in order to overcome the attenuation in
the transmission line and simultaneously maintain a given receiver output voltage.
Following Eq. (2.100) a receiver noise figure (NF)receiver can be written,
(NF) receiver = +(w)  8.45 dB (4.57)
where the functional dependence on the signal frequency is shown explicitly.
The only frequency dependent element in the high frequency probe and
receiver system is the insertion loss 71 of the transmission line and bandpass filter.
A signal intensity I is defined as I = 7 + (V..t - Vuoi 8 e) /0 + 8.45 dB. It follows
from Eq. (4.55) that in the large signal limit Trad >> Tnoie the signal intensity
thus obtained is equivalent to,
I = 10 log 1O(Trad/To) (4.58)
where To = 2900 K. The signal intensity is therefore presented in a frequency
independent unit representing the relative spectral power detected by the high
frequency probe.
4.3.4 Emission Measurements Below the Electron Plasma Frequency:
Emission Measurements from Ohmically Heated Plasma
A typical emission spectrum observed by the high frequency probe for low
density ohmically heated Versator II tokamak plasma is shown in Fig. 4.9. The
spectral power detected by the probe is plotted in the frequency range below
the electron plasma frequency. For comparison, in these discharges the cen-
tral electron plasma frequency is approximately Wpe(p = 0) /27r ~- 20 GHz and
(w2e/2 )_ ~ 0.5. The filled circles in Fig. 4.9 show the frequency spectra of
the intense periodic bursts of emission observed by the probe (see also Fig. 4.1).
An upper limit (- 7 GHz) is observed in the frequency spectrum (see also Ref.
4.32). Subsequently it is shown that such an emission spectra can be described
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by the Kadomtsev-Parail-Pogutse instability model where the intense bursts of
emission arise from waves driven unstable at the anomalous Doppler resonance.
The open circles in Fig. 4.9 denote the frequency spectrum of a steady state
level of background emission that is simultaneously observed. The intense bursts
of emission are observed as a rapid increase in the emission level above the steady
state background. Each open circle represents an average over a 2 msec interval of
the steady state emission measured by the high frequency probe. The steady state
emission is not evident in Fig. 4.1. The emission shown in Fig. 4.1 is detected
with the electrostatic probe connected directly to a spectrum analyzer. The noise
level of the commercial spectrum analyzer (shown as 0 dB in Fig. 4.1) is more than
three orders of magnitude above the noise level of the superheterodyne receiver
and the steady state emission level is not observed. The steady state emission
shown in Fig. 4.9 represents a new physical phenomenon.
For comparison, the dashed line in Fig. 4.9 is the noise level of the high
frequency probe receiver. The vertical intensity scale is chosen [see Eq. (4.58)
and Eq. (4.57)] so that the dashed line is identically the receiver noise figure in
dB. The single solid square shown in Fig. 4.9 is the measured intensity at 2.4 GHz
of the blackbody source. Evaluated at the probe, the radiation temperature of
the blackbody noise source is Trad = 2.59eV. The second vertical scale shown
on the right-hand side of Fig. 4.9 gives the radiation temperature of the received
signal derived from the above calibration. Equivalently, the second vertical scale
gives the emission intensity that would be observed if the probe were immersed
in a blackbody source at temperature Trad. The dashed line, when viewed on
the second vertical scale, shows the receiver noise temperature. Evidently the
radiation intensity of the steady state emission is approximately that of the thermal
electron temperature at the plasma center (see Fig. 4.9).
The steady state emission spectrum might be explained as thermal emission
if (i) a spectrum of oscillations in the frequency range w < wp, is excited to the
blackbody intensity with a radiation temperature near the central electron tem-
perature and if (ii) the power coupled to the high frequency probe by the plasma
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Fig. 4.9: Shown is a typical emission spectrum measured by the high frequency
probe in low density Versator II tokamak plasma. The spectral inten-
sity observed by the probe is plotted as a function of signal frequency
w/27r. The filled circles show the frequency spectrum of intense peri-
odic bursts of emission. The open circles denote the frequency spec-
trum of a steady state emission that is simultaneously observed. The
single solid square shows the intensity of the blackbody calibration
source emitting at w/27r = 2.4 GHz. The noise source has an equiva-
lent radiation temperature at the probe of Tad = 2.59eV. The second
vertical scale on the right-hand side of the figure shows the emission
intensity in units of the radiation temperature Trad of an equivalent
blackbody source at the probe. The dashed line is the noise level of
the receiver.
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oscillation is given by P = TradB [see Eq. (4.54)1 or equivalently if Eq. (2.168)
is satisfied. Hutchinson, Molvig, and Yuen 249 examine the production of elec-
tromagnetic waves by the scattering of enhanced electrostatic plasma oscillations
from thermal level ion acoustic fluctuations. In their model, when the energy
density of the electrostatic plasma oscillations is large, the scattered electromag-
netic emission is sufficiently intense that self absorption of the scattered radiation
results in a near blackbody level of emission intensity. Hutchinson, Molvig, and
Yuen 24 9 show that the radiation temperature of the near blackbody emission may
be on the order of the central electron temperature. The blackbody intensity
is the result of induced self absorption of the scattered radiation and is approxi-
mately independent of the mechanism causing the original enhanced electrostatic
plasma oscillation spectrum. Indeed, so long as the energy density of the elec-
trostatic oscillations is sufficiently large so that self absorption is induced, the
results of Hutchinson, Molvig, and Yuen 24 9 are insensitive to the intensity of the
enhanced electrostatic oscillations. In performing their calculation Hutchinson,
Molvig, and Yuen 24 9 assume an enhanced electrostatic oscillation spectrum nar-
rowly localized to w ~ wpe. Their analysis is general however, and may apply
here so long as an enhanced electrostatic plasma oscillation spectrum is excited in
the frequency range below the electron plasma frequency. In the context of the
Kadomtsev-Parail-Pogutse instability model, the steady state solution found by
Molvig, Tekula, and Bers 20 9 predicts an enhanced electrostatic plasma oscillation
spectrum. However a steady state solution may be inconsistent with the periodic
bursts of emission shown in Fig. 4.1. Furthermore the theory of Hutchinson,
Molvig, and Yuen 2" does not explain why the intense bursts of emission are not
themselves self absorbed to the blackbody level. In what follows however, the
source of the steady state emission is not of central importance. Subsequently
the steady state emission is treated as a thermal background.
The duration of a single intense burst -10tsec is much too short a time
interval for a measure of the frequency spectrum. In these experiments, the high
frequency probe is used to monitor the temporal behavior of the emission at a
single value of the local oscillator frequency for a single tokamak discharge. A
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frequency spectrum such as that shown in Fig. 4.9 is obtained by varying the
local oscillator frequency through the range 1 GHz < w/27r < 12.4 GHz over a
series of nearly identical tokamak discharges. In particular, the frequency spectra
shown in Fig. 4.9 was obtained from a series of approximately sixty discharges.
Throughout a series of tokamak discharges, a nearly identical temporal behavior of
the intense bursts of emission is observed. Within the phenomenological temporal
reproducibility of the Versator II tokamak discharge -100 psec, each of the spectral
components of the intense bursts of emission are observed to occur simultaneously.
In what follows, emission spectra in the frequency range below the electron
plasma frequency are analyzed in detail. The measured emission spectra are
examined for both (i) the ohmically heated plasma and (ii) during low power lower
hybrid wave injection. One of the series of nearly identical Versator II tokamak
discharges to be studied is shown in Fig. 4.10. Shown are the temporal history
of (a) the central chord line-averaged electron number density ii, (b) the hard X-
ray emission measured by an uncollimated sodium iodide detector and plotted in
arbitrary units, (c) the incident lower hybrid power PLH at a frequency of 800 MHz,
and (d) the emission at w/27r = 1.5 GHz measured by the high frequency probe.
Fig. 4.10(e) shows an expanded view of the emission at w/27r = 1.5 GHz taken in
a subsequent discharge. The vertical intensity scale for the high frequency probe
signal [see Fig. 4.10(d) and Fig. 4.10(e)] is identical to that shown in Fig. 4.9.
The tokamak discharge terminates at the time t ~ 34 msec. The residual high
frequency probe signal appearing after the termination of the discharge indicates
the noise level of the receiver at 1.5GHz (see Fig. 4.9). In Fig. 4.10(d) and
Fig. 4.10(e) a level of steady state background emission, far above the noise level
of the receiver, is clearly shown on the high frequency probe signal. The short
intense bursts of emission are observed as a rapid increase in the emission level
above the steady state background.
The hard X-ray signal shown in Fig. 4.10(b) is a measure of the slowing
down of high energy electrons incident on the stainless steel vacuum vessel wall.
The bursts of hard X-rays are due to high energy ripple trapped electrons which
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Fig. 4.10: Shown is one of a series of Versator 11 tokamak discharges used in
the measure of the emission spectrum below the electron plasma fre-
quency. Shown are the temporal history of (a) the central chord
line-averaged electron number density fi 4 , (b) the hard X-ray emis-
sion measured by an uncollimated sodium iodide detector and plotted
in arbitrary units, (c) the incident lower hybrid power PLH at a fre-
quency of 800 MHz, (d) the emission at w/27r = 1.5 GHz measured by
the high frequency probe and (e) an expanded view of the emission at
w/27r = 1.5 GHz taken in a subsequent but nearly identical discharge.
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VB drift vertically to the vacuum vessel wall. These ripple trapped electrons are
produced at the plasma center by backward diffusion in velocity space during the
Kadomtsev-Parail-Pogutse instability.
Fig. 4.11 shows the emission spectra measured during the ohmically heated
portion of the Versator II tokamak discharge. Fig. 4.11(a) shows the spectrum
of the steady state level of background emission measured by the high frequency
probe. In Fig. 4.11(a) the vertical intensity scale is identical to that given earlier
in Fig. 4.9. The second vertical scale showing the radiation temperature is omit-
ted form Fig. 4.11(a). Fig. 4.11(b) shows the frequency spectrum of the intense
bursts of emission observed by the high frequency probe and plotted in units of
dB above the steady state background level shown in Fig. 4.11(a). The dashed
curve in Fig. 4.11(b) is obtained from the theory of the Kadomtsev-Parail-Pogutse
instability.
The receiver local oscillator frequency is varied on a shot-to-shot basis
through the frequency range 1.5 GHz <; w/27r < 12.4 GHz and the spectra of
Fig. 4.11 are derived from a series of Versator II tokamak discharges nearly iden-
tical to that shown in Fig. 4.10. The data of Fig. 4.11 are obtained from an
average over the time interval 10 msec < t < 13 msec in the ohmically heated
portion of the discharge (see Fig. 4.10). Similar results are obtained in a time
interval 14 msec < t < 22 msec for an equivalent plasma with no lower hybrid wave
injection.
The experimentally observed wave spectrum shown in Fig. 4.11(b) can be
interpreted in terms of the Kadomtsev-Parail-Pogutse instability model. Fig. 4.12
shows a schematic diagram of the Kadomtsev-Parail-Pogutse instability model for
the case of an ohmically heated plasma. In the model a zero-order electric field
is assumed to cause a unidirectional anisotropy in the direction of the electron
drift (anti-parallel to the toroidal current). For convenience, the direction of the
zero-order electric field and toroidal magnetic field are assumed anti-parallel. In
Fig. 4.12 only the component of the zero-order electron momentum space distri-
bution along the direction of the magnetic field foe1 (p11) is shown [see Eq. (4.25)
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Fig. 4.11: Shown is the emission spectra measured by the high frequency probe
during the ohmically heated portion of the Versator II tokamak dis-
charge. In (a) is show the spectrum of the steady state level of
background emission. In (b) is shown the frequency spectrum of
the intense bursts of emission. The emission intensity in (b) is plot-
ted in units of dB above the steady state background level shown
in (a). The dashed curve in (b) is obtained from the theory of the
Kadomtsev-Parail-Pogutse instability.
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and Eq. (4.26)].
Also shown in Fig. 4.12 are the momentum space wave-particle resonances
for each of the two distinct unstable waves. The first, a spectrum of oscillations at
w, (ki) is resonant with the electrons at both the Nerenkov resonance vjj = wi/kill
(vil = p1 /me'y) and the anomalous Doppler resonance vil = (wi + we/-y) /kI si-
multaneously. The wave w, (k1 ) is assumed to be described by the dispersion
relation w1 = wpeki,1/ki. In the limit where the wave growth at the anomalous
Doppler resonance is large or when the tail electron distribution a slowly varying
function of parallel momentum afoel (pl) /p,, ~ 0, the linear growth rate of the
wave w (ki) is given by Eq. (4.29). The second wave W2 (k 2 ) is resonant with
the electrons only at the 1erenkov resonance oi = W2 /k 2 ll. As shown in Fig. 4.12,
a plateau afoe,1 (p11) /dpl - 0 on the electron momentum space distribution is as-
sumed in the region wi/k 11 < vj ; (w, + w Ie/y) /kil.
Experimental measurements of spatial profiles of the hard and soft X-ray
bremsstrahlung emission from the Versator H tokamak plasma show 184 1 8 6 that
the high energy anisotropic electrons are narrowly localized to the plasma center.
The Kadomtsev-Parail-Pogutse instability is here modeled as a convective insta-
bility in an inhomogeneous plasma. Unstable wave growth occurs in a plasma
region of width L\x near p = 0. The electric field strength E( i) of the
unstable waves wi (k 1 ) grows to an amplitude,
El w, k = Elthaexp 2A- (4.59)
where E'th is the initial wave amplitude and A- is the growth factor given by
Eq. (4.33). The intensity of the unstable waves expressed as growth in dB above
the initial amplitude is,
E2
I = 10log (1 ) (4.60)
or equivalently I = 8.686A-- dB where the latter is derived from Eq. (4.59).
k29
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Fig. 4.12: Shown is a schematic diagram of the Kadomtsev-Parail-Pogutse in-
stability model in the ohmically heated Versator II tokamak plasma.
A spectrum of waves w (k1 1 ,kIII) is resonant with electrons in the
anisotropic tail of the zero-order electron distribution fo,1 (p1i) at both
the Nerenkov resonance pj/m,-y = wi/kill and the anomalous Doppler
resonance pi /me-y = (w i + w Ie/y) /kI 1 simultaneously. A spectrum
of waves W2 k21 ,1k2 ) is resonant with electrons only at the Cerenkov
resonance pI/ mey = L0/k2l-
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The high frequency components of the experimentally observed wave spec-
trum shown in Fig. 4.11(b) can be interpreted as the most unstable waves w, (ki .
The most unstable waves are those whose parallel phase velocity equals approx-
imately to the critical runaway velocity wi/k ~! v,, (see Eq. (4.35)]. In what
follows, the critical runaway velocity is calculated. The resistive component of
the loop voltage for the Versator II tokamak plasma under study is approximately
VI ~ 1V. From the relation EO ~ VL/2'rRo where RO ~ 40.5cm is the major ra-
dius, the zero-order electric field strength is found to be Eo = 3.9 x 10~3 V-cm~1.
The electron number density profile ne(p) is approximately described as a parabolic
spatial profile and the central electron density is related to the line-averaged value
by ne(p = 0) ~ fie. Using Eq. (4.3) and the values ne(p = 0) = 0.63 x 1013 cm- 3 ,
InA = 15, Zeff = 2, and Eo ~ 3.9 x 10-3 V-cm'1 the critical runaway velocity
is found to be v,, ~ 4.69 x 10 9 cm-sec~ 1. The electron energy at the critical
runaway velocity is thus ~ 6.4 keV and, at a central bulk electron temperature of
Te,b(P = 0) ~ 300 eV, the ratio of the critical runaway velocity to the bulk electron
thermal speed is approximately v,, ~ 4.6 Vthe,b.
An upper limit is observed at w/2ir ~ 7GHz in the frequency spectrum of
Fig. 4.11(b). In the ohmically heated plasma and at frequencies w/27r > 7GHz
intense bursts of emission are not observed. From the relation wi/kil = Vc,
[see Eq. (4.35)] using wx/27r = 7Ghz and vc, = 4.69 x 109 cm-sec 1 , the parallel
wave number is found to be kii, ~ 9.37cm-1 (Ni ~ 6.4). Substituting the values
ki = 9.37cm', wi/27r = 7Ghz, and wce/27r = 35GHz (BO = 12.5kG) into
the anomalous Doppler resonance condition p/mey = (w, + wce/y) /kIH yields
PIID = 2.744 x 10 7 gm-cm-sec- corresponding to a resonant electron energy
at the anomalous Doppler resonance of -215keV. This value of the parallel
electron momentum at the anomalous Doppler resonance is the smallest resonant
electron momentum (and lowest electron energy) consistent with the spectrum of
Fig. 4.11(b) and the assumed requirement wi/k 11 = vr. For example at w1/27r
4 Ghz and using ve, = 4.69 x 10 9 cm-sec -, the relation w1 /k 111  vr yields k1 ~
5.35 cm- , a resonant parallel momentum at the anomalous Doppler resonance
pl = 4.576 x 10 1 7 gm-cm-secl, and an electron energy at the anomalous Doppler
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resonance of -485 keV.
The region of parallel momentum space melvcr < P11 < PIID contains
electrons in the energy range larger than approximately the critical runaway
energy at -6.4 keV and less than the lowest energy Doppler resonant elec-
trons at -215keV. Here PjjD = 2.744 x 10- 17 gm-cm-sec-1 is obtained from
pll/me'I = (wi + wce/-y) /k 11 using wi/27r = 7Ghz, w1 /k 11 = Vcr, and vcr =
4.69 x 10 9 cm-sec-'. The electrons in this region are non-resonant with the as-
sumed spectrum of waves w, (k 1 ) shown in Fig. 4.11(b). These electrons are
predicted to interact with the spectrum of waves w2 (k2) to form a plateau on
the distribution function (see Fig. 4.12). In the region of parallel momentum
space maevcr < P11 < P1lD the tail electron distribution is assumed to be a slowly
varying function of parallel momentum dfoe1 (p11) /dpjj ~ 0. Conversely in the
region of parallel momentum space pii > PlhD electrons possessing energies larger
than -215 keV are resonant with the spectrum of waves w, k at the anomalous
Doppler resonance. The pitch angle scattering at the anomalous Doppler reso-
nance may isotropize the distribution function in this region. Above pl, > PID
the distribution is here assumed to have a finite parallel temperature. Thus the
anisotropic component of the zero-order electron momentum space distribution is
here assumed to be of the form,
( F11 , for me'lvcr < P11 < PlD; (4.61)
foeF (P ) = e~ ,p1PD)2/2m nT , for pl > PI(D4
Here Fii is a constant describing the plateau in the region mevYcr < P11 < PhlD
and Tii is a constant describing the isotropization at phi PjID of the anomalous
Doppler resonant electrons.
Fig. 4.11(a) is assumed to represent the initial wave amplitude E2h- In
this approximation, both Eq. (4.60) and the experimental data of Fig. 4.11(b)
describe the unstable wave growth in dB above the initial amplitude. The dashed
curve in Fig. 4.11(b) is obtained from Eq. (4.60) and using: Eq. (4.33) for the
convective growth factor A - where Eq. (4.24) is the dispersion relation w, ki
k2
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and Eq. (4.35) describes the most unstable waves; Ax = 4 cm; v, = 4.69 x
log cm-sec~ 1; P1D = 2.744 x 101 7 gm-cm-sec-1; and Eq. (4.61) for the anisotropic
component of the electron distribution function f 0 ,1 (pr) where T11 = 1 MeV and
F11 is chosen to satisfy f+0 dpj foe,1 (p1j) = 3.0 x 10-2. These values of T1
and F11 correspond to a fractional number density of electrons in the anisotropic
tail of approximately 3 %.
Eq. (4.33) is written in the limit of large positive wave growth exp (2A k) >>
1. In calculating Eq. (4.31) and Eq. (4.33), damping of the unstable waves
w, (ki) has been neglected. Eq. (4.33) is therefore not valid when the ex-
perimentally measured wave growth is obviously small and the dashed curve in
Fig. 4.11(b) is terminated at w/27r = 7GHz. Similarly Eq. (4.33) is not valid
at very low frequency as the ion response has been neglected from the dispersion
relation w, = w, (k 1 . As seen in Fig. 4.11(b), the experimentally determined
values of the unstable wave intensity and the theoretical prediction of the unstable
wave growth are found to be in agreement in that spectral range where Eq. (4.33)
is a correct description of the unstable wave growth. The spectrum of Fig. 4.11(b)
is therefore described by a convective model of the Kadomtsev-Parail-Pogutse in-
stability.
In the above analysis, the initial wave amplitude E'th is given by the steady
state background emission intensity shown in Fig. 4.11(a). Note that Eq. (4.59)
and Eq. (4.60) are a correct description of the unstable wave growth independent
of the source of the steady state background. Thus Fig. 4.11(b) represents a
true comparison between the experimentally determined values of the unstable
wave intensity and the theoretical prediction of the unstable wave growth; regard-
less of whether the steady state background emission shown in Fig. 4.11(a) is the
result2 09 of an enhanced electrostatic oscillation spectrum W2 k2 , or whether
the steady state emission represents8 8 a thermal background in which the radia-
tion field is in local thermodynamic equilibrium with the plasma matter. Finally,
since the unstable wave growth is characterized by a relative measure in incremen-
tal units above an initial value, the observed wave amplification is independent
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of the directivity of the probe antenna. The directivity of the high frequency
probe antenna does, however, contribute to uncertainty in the measurement of
the absolute emission intensity Tad shown in Fig. 4.9.
4.3.5 Emission Measurements Below the Electron Plasma Frequency:
Emission Measurements During Low Power Lower Hybrid Wave
Injection
Fig. 4.13 shows the emission spectra measured during low power lower hy-
brid wave injection into the Versator II tokamak plasma. Fig. 4.13(a) shows the
spectra of the steady state level of background emission measured by the high
frequency probe. The vertical intensity scale shown in Fig. 4.13(a) is identical
to that given in Fig. 4.9. The second vertical scale showing the radiation tem-
perature is omitted from Fig. 4.13(a). During the lower hybrid wave injection,
the intensity of the steady state background emission at frequencies w/27r less
than approximately 4 GHz is enhanced by up to 10 dB [compare Fig. 4.11(a) and
Fig. 4.13(a)]. The frequency spectrum of the intense bursts of emission observed
by the high frequency probe is shown in Fig. 4.13(b). The spectrum is plotted in
units of dB above the steady state background level shown in Fig. 4.13(a). The
dashed curve shown in Fig. 4.13(b) is obtained from the theory of the Kadomtsev-
Parail-Pogutse instability in which changes to the zero-order electron distribution
function induced by the incident lower hybrid wave are included in the model.
During the low power lower hybrid wave injection the intense bursts of emission
can be observed over the frequency range w/21r < 12 GHz [see Fig. 4.13(b)] whereas
in the absence of the lower hybrid wave power, the maximum frequency at which
the bursts are observed is reduced to only w/27r < 7 Ghz [see Fig. 4.11(a)]. In ad-
dition, during the low power lower hybrid wave injection, the period of the bursts
is increased to between -2msec and -3msec (see Fig. 4.10).
The receiver local oscillator frequency is varied on a shot-to-shot basis and
the spectra of Fig. 4.13 are obtained from a series of Versator II tokamak discharges
nearly identical to that shown in Fig. 4.10. The data of Fig. 4.13 are obtained
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Fig. 4.13: Shown is the emission spectra measured by the high frequency probe
during lower hybrid wave injection into the Versator II tokamak dis-
charge. In (a) is show the spectrum of the steady state level of
background emission. In (b) is shown the frequency spectrum of the
intense bursts of emission. The emission intensity in (b) is plotted
in units of dB above the steady state background level shown in (a).
The dashed curve in (b) is obtained from the theory of the Kadomtsev-
Parail-Pogutse instability in which changes to the zero-order electron
distribution function induced by the incident lower hybrid wave are
included in the model.
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from an average over the time interval 14 msec < t < 22 msec during the low power
lower hybrid wave injection (see Fig. 4.10)
In these experiments, the lower hybrid wave power is generated1 38 ,2 54 -2 5 5
by a radio frequency source at a frequency of 800 MHz. A phased array antenna
is used' 3 8 , 25 4-2 5 5 to launch the lower hybrid wave. The antenna consists of a
series of open-ended rectangular waveguides which are joined by their common
broad walls. The power from the 800 MHz source is equally divided among each
of the several waveguides. In each waveguide, the power propagates in the TEO,
mode of the rectangular waveguide so that the electric field in the waveguide is
in the toroidal direction. When the waveguides are mounted nearly flush to
the plasma edge, the loaded antenna resistance and the waveguide impedance are
nearly identical and efficient coupling of the radio frequency power to the lower
hybrid wave occurs. 138 ,25r The electric field between adjacent waveguides differs
by only a phase factor Ag4. By altering the phase difference A4, the direction of
propagation of the launched lower hybrid wave can be externally controlled. In
the experiments reported here, a phase difference between adjacent waveguides
AO = +90' is used with a four waveguide antenna. The antenna is located on
the low magnetic field side of the toroidal field and is vertically centered in the
equatorial plane of the torus. At the phase difference AO = +90' the injected
lower hybrid waves are launched in the direction of the electron anisotropy or
equivalently, anti-parallel to the direction of the toroidal current. Results are
presented for incident power levels PLH <; 15kW (see Fig. 4.10).
The propagation of the lower hybrid wave and accessibility of the wave en-
ergy to the plasma center is discussed 47' 25 7 elsewhere. In these experiments,
it is sufficient to note that the wave energy is predicted 1 4 7 , 2 5 7 -2 5 8 to be accessi-
ble to the plasma center; although the lower hybrid wave wavenumber spectrum
that is launched by the phased array antenna may not be representative of the
wavenumber spectrum at the plasma center. It is important however, to examine
the quasi-linear diffusion of electrons resonant with the incident power in the lower
hybrid wave. In particular, it is important to understand how the incident lower
304
hybrid wave power can alter the zero-order electron momentum space distribution
and consequently alter the Kadomtsev-Parail-Pogutse instability model.
In the experiments reported here, the incident lower hybrid wave power can
be absorbed at the plasma center by the mechanism of electron Landau damp-
ing. Because the injected lower hybrid waves are launched in only the direction
parallel to the magnetic field, the lower hybrid waves possess a net parallel momen-
tum. The energy and momentum of the incident lower hybrid waves is absorbed
near the plasma center by electrons with a parallel velocity resonant with the
lower hybrid wave parallel phase velocity; electrons whose parallel velocity satis-
fies c/Niimaz < v11 < c/Niimin where the parallel index of refraction of the incident
lower hybrid waves NIILH lies in the spectral range Niimi ! N H N 1imn a
The net momentum transfer to the resonant electrons, in combination with the
reduced collisionality of the now more energetic electrons, acts219-261 in effect to
exert a force that drives the toroidal current. Efficient lower hybrid current drive
has been demonstrated in a number of separate studies.1
6 3
,25 4-2 5 5 ,26 2-26 9
In the Kadomtsev-Parail-Pogutse instability model, waves are driven unsta-
ble by the presence of an anisotropic tail of runaway electrons. This anisotropic
component of the electron distribution is generated by the same zero-order elec-
tric field which produces the plasma current. Other lower hybrid current drive
studies2G4,268 are able to null the zero-order electric field during high power lower
hybrid wave injection. In these other studies 264 , 26 8 the injected lower hybrid
waves support the total of the toroidal current and no ohmic heating power is
present. After a recent modification to the ohmic heating power supply, the zero-
order electric field is also observed to vanish 2 9 during high power lower hybrid
wave injection in the Versator II tokamak. In such a case, these experiments do
not observe the intense bursts of emission from the Kadomtsev-Parail-Pogutse in-
stability. In the experiments reported here 245-246,254-255 however, the zero-order
electric field is generated by a capacitor discharge into a center core transformer
and, although reduced in magnitude, the zero-order electric field typically remains
non-vanishing during the low power lower hybrid wave injection. Thus the same
305
mechanism which acts to produce the intense bursts of emission in the ohmically
heated plasma still acts to produce the intense bursts of emission during the low
power lower hybrid wave injection. However, the instability model must now be
modified in order to include those changes to the zero-order electron momentum
space distribution induced by the incident lower hybrid wave. Before describing
the modified Kadomtsev-Parail-Pogutse instability model from which the dashed
curve in Fig. 4.13(b) is derived, experimental evidence is presented to suggest and
support specific changes to the zero-order electron distribution.
That the incident lower hybrid wave power is affecting the non-thermal tail
of the electron distribution can be inferred from measurements of the extraor-
dinary mode polarized emission at the second harmonic of the electron cyclotron
frequency. The solid line in Fig. 4.14(a) shows a temporal history of the w = 2we
emission intensity during lower hybrid wave injection into a Versator II tokamak
plasma at a line-averaged electron number density ii ~ 0.5 x 1013 cm-3. The
tokamak discharge shown in Fig. 4.14 is stable to the Kadomtsev-Parail-Pogutse
instability prior to and during the lower hybrid wave injection. The W = 2Wce
emission intensity is plotted in units of the radiation temperature Trad. The
dashed line in Fig. 4.14(a) shows the w = 2we emission intensity for the ohmically
heated plasma in the absence of lower hybrid wave injection. A temporal history
of the incident lower hybrid wave power is shown in Fig. 4.14(b). The incident
lower hybrid waves are here launched by a six waveguide phased array antenna at
a phase difference between adjacent waveguides of LO = +90*.
The sharp rise in the w = 2 wce emission which occurs less than -1 msec
after the termination of the lower hybrid wave injection in Fig. 4.14(a) [at the time
t ~ 12 msec] is due to the onset of the Kadomtsev-Parail-Pogutse instability (see
also Fig. 4.1). Beginning at this point, intense periodic bursts of emission (not
shown in Fig. 4.14) are observed. In the unstable portion of the discharge, these
bursts repeat with a period of approximately 0.1 msec. Since the period of the
intense bursts of emission is small compared with the collisional slowing down time
of the high energy electrons (- lomsec) the second harmonic electron cyclotron
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Fig. 4.14: Shown is the temporal history of (a) the extraordinary mode polarized
emission at the second harmonic of the electron cyclotron frequency
and (b) the incident lower hybrid wave power PLH during lower hybrid
wave injection into a Versator II tokamak plasma at a line-averaged
electron number density siT ~ 0.5 x 1013 cm- 3. In (a) the emission
is plotted in units of the radiation temperature Tad. The dashed
line in (a) shows the w = 2w, emission intensity for the case of the
ohmically heated plasma. The Versator II tokamak discharge shown
here is stable to the Kadomtsev-Parail-Pogutse instability prior to
and during the lower hybrid wave injection.
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emission appears quasi-steady in the unstable portion of the discharge. As shown
by the dashed line in Fig. 4.14(a) the Kadomtsev-Parail-Pogutse instability also
occurs late (at a time t ~ 25 msec) in the ohmically heated plasma. The onset of
the Kadomtsev-Parail-Pogutse instability at the termination of the lower hybrid
wave pulse likely arises from an abrupt increase in the zero-order electric field
strength (not shown in Fig. 4.14) and an associated decrease in the critical runaway
velocity at the termination of the lower hybrid wave injection. This increase in
the zero-order electric field strength is generated by an increase in the plasma
resistance as the ohmic electric field compensates for the abrupt termination of
the lower hybrid wave sustained current.
The Versator II tokamak plasma is not optically thick at the second harmonic
of the electron cyclotron frequency (see-Section 4.2). The w = 2We emission seen
in Fig. 4.14(a) is a sensitive function of the number density, average energy, and
pitch angle (average transverse energy) of the anisotropic component of the elec-
tron distribution. The extraordinary mode polarized second harmonic electron
cyclotron emission intensity is observed to increase during the lower hybrid wave
injection while simultaneously, the bulk perpendicular electron temperature that
is measured by Thomson scattering (not shown in Fig. 4.14) is observed', 25 5
to fall. This increase in the w = 2wce emission intensity is consistent with an
increase in either or both of the number density or the average transverse en-
ergy of the anisotropic electrons. Moreover, the resonant electrons whose parallel
velocity satisfies c/NIImna < VI < c/N i, exchange only parallel momentum
with the incident lower hybrid wave [see Eq. (4.39)]. An increase in the average
transverse energy must therefore arise from collisional pitch angle scattering of
energetic parallel moving electrons. Thus from Fig. 4.14(a) a substantial increase
in the number density and/or average parallel momentum of resonant electrons is
inferred.
Numerical studies of current generation by lower hybrid waves also show 2GO
an increase in the number density and average parallel momentum of the res-
onant anisotropic electrons. These studies simultaneously show 26 0 a (smaller)
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increase in the average transverse energy of the anisotropic electrons consistent
with the observed increase in the w = 2 wce emission seen in Fig. 4.14(a). The
numerical computations were performed in the limit of very high power lower hy-
brid wave injection. In this limit the incident lower hybrid waves are found to
form a plateau afoel1(pi) /api ~! 0 and consequently Tejt -+ +oo in the resonant
region c/Nijmax < V11 < c/N mmi. With c/N max ~ Vtheb an increase in the
number density of electrons in the resonant region occurs as the bulk electrons
are accelerated by the lower hybrid wave into the current-carrying plateau. At
a low incident power level a plateau may not be expected to form. In the case
of the low power lower hybrid wave injection shown in Fig. 4.10 the number den-
sity and average parallel energy of the resonant electrons are assumed to increase
during the lower hybrid wave injection. However the average parallel energy of
the anisotropic electrons TeiIi proportional to the inverse of afoej (p11) /dpil in the
region c/Njima= pil/m-y c/Njmi, is assumed to remain finite.
The strongest enhancement seen in the number density and average parallel
energy of the resonant electrons occurs when the lower hybrid wave is launched in
the direction of the electron anisotropy. This is demonstrated by the temporal
behavior of the Kadomtsev-Parail-Pogutse instability in a series of Versator II
tokamak discharges similar to that shown in Fig. 4.10. These tokamak discharges,
in contrast to the discharge shown in Fig. 4.14, are unstable to the Kadomtsev-
Parail-Pogutse instability prior to and also during the lower hybrid wave injection.
The four parameters used to characterize the temporal behavior of the Kadomtsev-
Parail-Pogutse instability during the lower hybrid wave injection are illustrated in
the schematic diagram shown in Fig. 4.15. The instability is characterized by:
(a) an Event Count (five in the example shown in Fig. 4.15) corresponding to the
number of intense bursts of emission observed by the electrostatic probe during a
lower hybrid wave pulse of fixed temporal duration, (b) a Time to 1st Event equal
to the time delay between the turn-on of the lower hybrid wave power PLH and the
first observed intense burst of emission, (c) an Event Period equal to the temporal
period of successive intense bursts of emission, and (d) the Event Intensity. In
characterizing the temporal behavior of the Kadomtsev-Parail-Pogutse instability
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in this fashion, the electrostatic probe is connected directly to a spectrum analyzer
and the Event Intensity is plotted in units of dB above the noise level of the
commercial analyzer.
Fig. 4.16 shows the temporal behavior of the Kadomtsev-Parail-Pogutse in-
stability during the lower hybrid wave injection. The temporal behavior is shown
as a function of the phase difference between adjacent waveguides AO. The four
waveguide phased array antenna is used to launch the incident lower hybrid wave.
Fig. 4.16 is obtained from a series of Versator I tokamak discharges at a central
chord line-averaged electron number density ii = 0.35 x 1013 cm~ 3 , an incident
lower hybrid wave power PLH ~ 30kW, and a temporal lower hybrid pulse dura-
tion of 5msec. The probe is connected directly to a spectrum analyzer and the
temporal history of emission at w/27r = 500 MHz is monitored. The intensities of
the bursts of emission shown in Fig. 4.16 are plotted in units of dB above the noise
level of the commercial spectrum analyzer. In the absence of lower hybrid wave
injection, and immediately preceding the turn-on of the lower hybrid wave power,
the bursts of emission are observed at an intensity of -15 dB above the noise level
of the commercial analyzer. In the ohmically heated plasma these bursts repeat
at a rate of approximately 5kHz. When the lower hybrid waves are launched in
the direction of the electron anisotropy (AO = +900) the intensity of the bursts
and the period of the bursts of emission are increased substantially (see Fig. 4.16).
Conversely, when the incident lower hybrid waves are launched anti-parallel to
the direction of the electron drift (AO = -90*) the temporal characteristics of the
Kadomtsev-Parail-Pogutse instability are little altered from their ohmic values.
The experimentally observed wave spectrum shown in Fig. 4.13(b) can be
interpreted in terms of a Kadomtsev-Paraii-Pogutse instability model that is mod-
ified to include those changes to the zero-order electron distribution induced by
the incident lower hybrid wave. Fig. 4.17 shows a schematic diagram of the
Kadomtsev-Parail-Pogutse instability model during lower hybrid wave injection.
The model of Fig. 4.17 shows an increase in the number density and average par-
allel energy of electrons resonant v1 = C/NIILH (vi = pl/mey) with the incident
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Fig. 4.15: Shown is a schematic diagram of the four parameters used to char-
acterize the temporal behavior of the Kadomtsev-Parail-Pogutse in-
stability during the lower hybrid wave injection. The instability is
characterized by: (a) an Event Count (five in the example shown
here) corresponding to the number of intense bursts of emission ob-
served on the probe signal during a lower hybrid wave pulse of fixed
temporal duration, (b) a Time to 1st Event equal to the time delay
between the turn-on of the lower hybrid wave power PLH and the first
observed intense burst of emission, (c) an Event Period equal to the
temporal period of successive intense bursts of emission, and (d) the
Event Intensity.
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Fig. 4.16: The temporal behavior of the Kadomtsev-Parail-Pogutse instability
during the lower hybrid wave injection is characterized as a function of
A4 the phase difference between adjacent waveguides (see Fig. 4.15).
The data are obtained from a series of Versator II tokamak discharges
at a line-averaged electron number density i. = 0.35 x 1013 cm-3, an
incident lower hybrid wave power PLH ~ 30 kW, and a temporal pulse
duration of 5 msec.
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lower hybrid wave. In the resonant region c/Nilmz < vi :5 c/Ni m the av-
erage parallel energy of the resonant anisotropic electrons is shown to be much
larger than the bulk electron temperature Te1 ,t >> Te,,. Consistent with the
low incident lower hybrid wave power, the average parallel energy of the resonant
electrons, proportional to the inverse of afo11 (p11) /3 pil in the resonant region, is
assumed to remain finite. This increase in the number density and average paral-
lel energy of the anisotropic resonant electrons (compare Fig. 4.12 and Fig. 4.17)
produces the lower hybrid wave sustained toroidal current. The new equilibrium
in the zero-order electron distribution is produced on a phenomenological time
scale equal approximately to the time delay between the turn-on of the lower hy-
brid wave power and the first observed intense burst of emission (see Fig. 4.10).
This timescale can be referred to as the phenomenological formation time for the
lower hybrid wave sustained anisotropy and is on the order of 0(3 msec).
Apart from those electrons resonant with the incident lower hybrid wave,
the zero-order electric field is assumed to cause a unidirectional anisotropy in
the direction of the electron drift (anti-parallel to the toroidal current). For
convenience, the direction of the zero-order electric field and toroidal magnetic
field are assumed anti-parallel. In Fig. 4.17 only the component of the zero-order
electron momentum space distribution along the direction of the magnetic field
foeil (pg) is shown [see Eq. (4.25) and Eq. (4.26)].
Also shown in Fig. 4.17 are the momentum space wave-particle resonances for
each of the two distinct unstable waves. The spectrum of oscillations wi (ki) is
assumed to be resonant with electrons at both the 6erenkov resonance vj = wi/kill
(vi = pjj/me,)y) and the anomalous Doppler resonance oi = (w, + wce/y) /k| si-
multaneously. The wave w, ki ) is assumed to be described by the dispersion
relation w, = wpek 111/ki. In the limit where the wave growth at the anoma-
lous Doppler resonance is large or when the tail electron distribution is a slowly
varying function of parallel momentum afoe1 (p1i) /dpl ~ 0, the linear growth
rate of the wave w, (ks) is given by Eq. (4.29). The second wave W2 k2
is resonant with electrons only at the Cerenkov resonance i = W2 /k 2 j. As
316
Fig. 4.17: Shown is a schematic diagram of the Kadomtsev-Parail-Pogutse in-
stability model during low power lower hybrid wave injection into the
Versator II tokamak plasma. The incident low power lower hybrid
waves are assumed to increase the slope of the zero-order electron dis-
tribution in the resonant region pl1/mey = c/NLH. A spectrum of
waves w, (ki ,kll) is resonant with electrons in the anisotropic tail
of the zero-order electron distribution foe1 (pll) at both the 6erenkov
resonance pg/me- = wi/kill and the anomalous Doppler resonance
pl/m -y = (wi + wef/) /kill simultaneously. A spectrum of waves
w2 (k 2±,k 2 1) is resonant with electrons only at the Ierenkov reso-
nance pll/mel = w2/k 21 -
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shown in Fig. 4.17, the spectrum of waves w2 (k 2 ) is assumed to form a plateau
afoel (pil) /auil ~ 0 on the zero-order electron momentum space distribution in the
region wi/kill < v11 < (w, + wu/ -y) /kill. An inhomogeneous plasma is assumed
and, as in the ohmically heated plasma, unstable wave growth is assumed to occur
in a plasma region of width Ax near p ~ 0. In the inhomogeneous plasma model,
the electric field strength E' of the unstable waves w, ki). grows to an ampli-
tude given by Eq. (4.59). The intensity I of the observed emission is described
by Eq. (4.60) where I is expressed as growth in dB of the unstable wave electric
field strength E' above the initial wave amplitude E2th-
From the expression for A - the inhomogeneous growth factor [see Eq. (4.33)]
kI
the most unstable waves w, (k) are those for which the ratio'kj/k1 is max-
imized. From the dispersion relation w = wpekii/ki the low parallel phase
velocity waves are seen to grow to the largest amplitude [see Eq. (4.35)]. In
contrast to the case of the ohmically heated plasma, during the lower hybrid
wave injection the most unstable waves are not necessarily those whose paral-
lel phase velocity equals approximately to the critical runaway velocity. During
low power lower hybrid wave injection the slope of the zero-order electron distri-
bution function is increased efo1 (p1l) /Opi > 0 in the resonant region. Thus
waves Wi (k 1 ) whose Cerenkov resonance interacts with electrons in the region
c/N 11max < pj1/mey c/N 11min are heavily damped (as is the incident lower hybrid
wave) and cannot be driven unstable at the anomalous Doppler resonance. For
pll/m, > c/Nlmin the electrons are non-resonant with the incident lower hybrid
wave. In the region pl/my > c/Npmin the electron distribution may be distorted
by the zero-order electric field and waves whose aerenkov resonance interacts with
electrons in this region may be only weakly damped and can be driven unstable at
the anomalous Doppler resonance. Thus the lowest parallel phase velocity waves
at,
~ _(4.62)k1 l NImin
are those which grow to the largest amplitude (see Fig. 4.17). However in a
tokamak plasma, the (known) parallel wave number spectrum of the lower hybrid
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waves launched at the plasma edge may not represent exactly1 4 7 ,25 7-25 8 the NIJLH
spectrum at the plasma center. In what follows, an approximation to the parallel
phase velocity at the aerenkov resonance is derived.
The highest frequency components of the experimentally observed wave spec-
trum shown in Fig. 4.13(b) can be interpreted as the most unstable waves w (ki.
An upper limit at w/27r ~ 12 GHz is observed in the frequency spectrum of
Fig. 4.13(b). At frequencies w/27r > 12 GHz intense periodic bursts of emis-
sion are not observed. The region of parallel momentum space pii > PhlD where
PHlD = 2.744 x 10- gm-cm-sec' contains electrons in the energy range equal to
and greater than approximately 215 keV. In the ohmically heated plasma these
electrons interact with the spectrum of waves w, (k 1 ) at the anomalous Doppler
resonance (see Section 4.3.4). During the low power lower hybrid wave injection
these electrons are assumed to remain in resonance with the spectrum of waves
wi ki at the anomalous Doppler resonance p1 /mey = (wi + Wce/)) /k 11 . From
the assumed momentum space region p PlD of the anomalous Doppler reso-
nant electrons, the phase velocity wI/kill can be inferred. The parallel wave
phase velocity at the 1erenkov resonance is fixed at wi/kIll = c/Njjmin and the
upper limit of the observed wave spectrum at w/27r = 12 GHz corresponds to
anomalous Doppler resonant electrons possessing the lowest parallel momentum
Pi = P1ID. From the relations plID/meY = (wi + wce/ry) /kI, wi/27r = 12 GHz,
we/27r = 35 GHz and using PllD = 2.744 x 10- 17 gm-cm-sec- 1 , the parallel wave
number is found to be kil = 10.8cm- corresponding to a wave phase veloc-
ity at the Cerenkov resonance of wi/ki11 = 6.95 x 109 cm-sec- 1 (Ngmin = 4.3).
Thus the parallel momentum of resonant electrons at the Cerenkov resonance is
plic = 6.51 x 10- 8 gm-cm-sec-1 corresponding to a resonant electron energy at
the aerenkov resonance of ~14.3keV. Having obtained the wave phase veloc-
ity at the Cerenkov resonance, the parallel momentum and electron energy at
the anomalous Doppler resonance can be calculated for the remainder of the ob-
served wave spectrum [see Fig. 4.13(b)]. For example at w,/27r = 6GHz, using
pic/mel = C/Nimin, pllc = 6.51 x 10-18 gm-cm-sec-1, and the assumed require-
ment wi/k 1 1 = c/Nlmin yields kill = 5.42cm- 1 , a resonant parallel momentum
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at the anomalous Doppler resonance pl = 5.017 x 10-1 gm-cm-sec- 1 , and an
electron energy at the anomalous Doppler resonance of -560 keV.
During the lower hybrid wave injection the energy of resonant electrons
at the erenkov resonance is found to be -14.3keV compared to the value of
-6.4keV found in the ohmically heated plasma. In the approximation where
the Cerenkov resonance of the unstable waves interacts with electrons near the
critical runaway velocity wi/kl| ~ v,,, the above shift in the 'erenkov resonant
energy may be explained by an -35% decrease in the zero-order electric field
strength. However, such a decrease is larger than the -10% loop voltage decrease
that is observed during lower hybrid wave injection at these low incident power
levels. Here the critical runaway energy remains near -7 keV. Alternatively the
incident lower hybrid wave power may be increasingly the slope of the zero-order
electron distribution in the energy range between -6.4keV and -14.3keV (see
Fig. 4.17). The most unstable waves w1 ( i) are then those with parallel phase
velocity w1/k 11 = c/Nim [see Eq. (4.62)]. If the incident lower hybrid waves are
assumed to interact at the Cerenkov resonance with electrons in the energy range
between 6.4 keV and 14.3 keV, the NIFLH spectrum of the incident lower hybrid
waves can be estimated as 4.3 < c/NIILH K 6.4. For comparison at Lo = +90*
and measured at the half power points, the NLH spectrum launched by the lower
hybrid antenna is predicted 2s1 to be 3 < c/N11LH K 10-
The region of parallel momentum space P1lc < PIl < PhJD contains elec-
trons in the energy range larger than approximately the largest electron en-
ergy resonant with the incident lower hybrid wave at -14.3keV and less than
the lowest energy anomalous Doppler resonant electrons at -215keV where
P11C = 6.51 x 10-1 8 gm-cm-sec 1 and PhD = 2.744 x 10- 7 gm-cm-sec-'. The
electrons in this region are non-resonant with the assumed spectrum of waves
w, (k,) shown in Fig. 4.13(b). These electrons are predicted to interact with
the spectrum of waves W2 (k2) to form a plateau on the distribution function (see
Fig. 4.17). In the region of parallel momentum space Plic < ptl < PhD the tail
electron distribution is assumed to be a slowly varying function of parallel momen-
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turn dfoei (p1l) /dpi = 0. Conversely in the region of parallel momentum space
P11 PhD electrons possessing energies larger than -215keV are resonant with
the spectrum of waves w, (k 1 ) at the anomalous Doppler resonance. The pitch
angle scattering at the anomalous Doppler resonance may isotropize the distribu-
tion function in this region. Above p1l > PhJD the distribution is here assumed
to have a finite parallel temperature. Thus, apart from those electrons resonant
with the incident lower hybrid wave, the anisotropic component of the zero-order
electron momentum space distribution is here assumed to be of the form,
1 F11 , for plic < pil < PJD; (4.63)
F()= [(P-P)/m T, for pl PJID.
Here F11 is a constant describing the plateau in the region plIc < pj1 < PHD and T1
is a constant describing the isotropization at P11 > Ph|D of the anomalous Doppler
resonant electrons [see Eq. (4.61)).
During the low power lower hybrid wave injection Fig. 4.13(a) is assumed to
represent the initial wave amplitude Eith. In this approximation, both Eq. (4.60)
and the experimental data of Fig. 4.13(b) describe the unstable wave growth in
dB above the initial amplitude. The dashed curve in Fig. 4.13(b) is obtained
from Eq. (4.60) and using: Eq. (4.33) for the convective growth factor A - where
k,
Eq. (4.24) is the dispersion relation wi (ki) and where wi/k 11| = c/N 11mi, de-
scribes the most unstable waves; Ax = 4cm; pIIc = 6.51 x 10-1, gm-cm-sec-1;
PJlD = 2.744 x 10-~7 gm-cm-sec-'; and Eq. (4.63) for the anisotropic component of
the electron distribution function foe11 (p11) where Ti1 = 1.5 MeV and F11 is chosen
to satisfy f dp foe! (pIl) = 3.5 x 10-2.
Eq. (4.33) is written in the limit of large positive wave growth exp (2Ak) >
1. In calculating Eq. (4.31) and Eq. (4.33), damping of the unstable waves
wi (ki) has been neglected. Eq. (4.33) is therefore not valid when the exper-
imentally measured wave growth vanishes and the dashed curve in Fig. 4.16(b)
is terminated at w/27r = 12 GHz. Similarly Eq. (4.33) is not valid at very low
frequency as the ion response has been neglected from the dispersion relation
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w, = wI k1 . As seen in Fig. 4.13(b) the experimentally determined values of
the unstable wave intensity and the theoretical prediction of the unstable wave
growth are found to be in agreement in that spectral range where Eq. (4.33) is a
correct description of the unstable wave amplitude. The spectrum of Fig. 4.13(b)
is therefore described by a convective model of the Kadomtsev-Parail-Pogutse in-
stability in which the changes induced in the zero-order electron distribution by
the incident lower hybrid wave power are included in the instability model.
Fig. 4.11(b) and Fig. 4.13(b) show the spectrum of intense periodic bursts
of emission in the spectral range 1.5GHz < w/27r < 12.4 GHz. The emission
spectra can be studied in the spectral range w/2r < 1.5 GHz when the probe is
connected directly to a commercial spectrum analyzer. Fig. 4.18 and Fig. 4.19
show the frequency spectrum of the intense periodic bursts of emission in the spec-
tral range w/27r < 2 Ghz for the ohmically heated Versator II tokamak plasma and
during lower hybrid wave injection, respectively. The probe is connected to the
commercial spectrum analyzer with a braided flexible coaxial cable (RG233/U).
The spectra of Fig. 4.18 and Fig. 4.19 are measured in units of dB above the noise
level of the commercial spectrum analyzer and are subsequently corrected for the
frequency dependent insertion loss of the RG233/U transmission line. The verti-
cal intensity scale shown in Fig. 4.18 and Fig. 4.19 is not the absolute scale shown
in Fig. 4.9 [see also Eq. (4.58)]. The vertical intensity scale shown in Fig. 4.18
and Fig. 4.19 represents a relative measure of the emission intensity in the spec-
tral range w/27r < 2 GHz. The spectra of Fig. 4.18 and Fig. 4.19 were measured
in a Versator II tokamak discharge similar to that shown in Fig. 4.10 and at a
line-averaged electron number density ie 0.4 x 1013 cm- 3 . For comparison,
the central ion plasma frequency is approximately wpi(p = 0) ~ 500 GHz. The
spectrum seen in Fig. 4.19 was obtained at an incident lower hybrid power level
PLH ~ 30kW.
The dashed curves seen in Fig. 4.11(b) and Fig. 4.13(b) predict a negligible
unstable wave amplitude in the limit of very low frequency. This occurs as a
consequence of the finite parallel temperature TI, in the model anisotropic distri-
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Fig. 4.18: Shown is the frequency spectrum of intense bursts of emission in the
spectral range w/27r < 2 Ghz observed in the ohmically heated Ver-
sator II tokamak plasma at a line-averaged electron number density
ii, ~ 0.4 x 1013 cm- 3 . The spectrum is measured with the electro-
static probe connected directly to a spectrum analyzer by a braided
coaxial RG233/U transmission line. The vertical intensity scale is
measured in units of dB above the noise level of the commercial an-
alyzer and the intensity has subsequently been corrected for the fre-
quency dependent insertion loss of the RG233/U cable.
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Fig. 4.19: Shown is the frequency spectrum of intense bursts of emission in the
spectral range w/27r < 2 Ghz observed during lower hybrid wave injec-
tion into the Versator II tokamak plasma at a line-averaged electron
number density fie ~ 0.4 x 1013cm-3. The spectrum is measured
with the electrostatic probe connected directly to a spectrum analyzer
by a braided coaxial RG233/U transmission line. The vertical inten-
sity scale is measured in units of dB above the noise level of the com-
mercial analyzer and the intensity has subsequently been corrected
for the frequency dependent insertion loss of the RG233/U cable.
The incident lower hybrid waves are launched by a four waveguide
phased array antenna at a phase difference between adjacent waveg-
uides A4 = +90* and at an incident power level of PLH ~ 30kW.
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bution of Eq. (4.61) and Eq. (4.63). In the limit T1 -+ +oo this effect vanishes
and Eq. (4.60) predicts a substantial wave amplification even in the limit of very
low frequency. It is not known whether the spectra seen in Fig. 4.18 and Fig. 4.19
represent the wave spectrum wi (kr) driven unstable at the anomalous Doppler
resonance in the limit TI - +oo, or whether these spectra represent the unstable
waves W2 (k2 ). In the frequency range below the ion plasma frequency, high har-
monic ion cyclotron damping of these waves may be substantial. This suggests
that observed emission at w/27r < wpi(p = 0) may partly represent unstable waves
occurring in the low density (w > wpi) edge plasma.
4.3.6 Emission Measurements Below the Electron Plasma Frequency:
Temporal Studies of Emission During High Power Lower Hybrid
Wave Injection and During High Power Electron Cyclotron Res-
onance Heating
In Section 4.3.5 it was shown that electrons near the critical runaway veloc-
ity are simultaneously resonant with the incident lower hybrid wave c/NImx <
ve, < c/NImin. This suggests 270-272 that the incident lower hybrid wave can ac-
celerate electrons into the runaway region v 11  v.r Thus in an otherwise stable
discharge, the incident lower hybrid waves may be used to excite the Kadomtsev-
Parail-Pogutse instability [alternatively, see Ref. 273 and Ref. 274]. For exam-
ple, Fig. 4.14 shows a Versator II tokamak discharge in which the incident lower
hybrid waves are seen to excite the Kadomtsev-Parail-Pogutse instability at the
termination of the lower hybrid pulse. In Fig. 4.20 the time delay between the
termination of the incident lower hybrid wave pulse and the first observed intense
burst of emission is plotted as a function of the incident lower hybrid pulse length.
The delay time to instability shown in Fig. 4.20 should not be confused with the
Time to 1st Event shown in Fig. 4.15 and Fig. 4.16. In the tokamak discharges
of Fig. 4.20 no instabilities are observed prior to, or during, the lower hybrid wave
injection.
At values of the lower hybrid pulse length < 0.8 msec, the Kadomtsev-Parail-
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Pogutse instability is not excited (see Fig. 4.20). The timescale of ~0.8 msec
corresponds to the phenomenological electric field acceleration time and is on
the order of the burst period. When the lower hybrid pulse length is larger than
0.8 msec, the resistive electric field transient at the termination of the lower hybrid
pulse is observed to excite the Kadomtsev-Parail-Pogutse instability. Above a
lower hybrid pulse length of -3 msec, the delay time to instability is observed
to saturate at a value of -20O psec (see Fig. 4.20). The timescale of ~3 msec
corresponds to the phenomenological formation time of the lower hybrid wave
sustained current. The magnitude of the lower hybrid wave sustained current
determines, under the assumption of a constant plasma inductance, the magnitude
of the electric field transient at the termination of the lower hybrid wave pulse.
After the lower hybrid wave sustained current is fully formed, the magnitude of
the electric field transient at the termination of the lower hybrid pulse is seen to
be independent of the lower hybrid pulse length (see Fig. 4.20).
In the Versator II tokamak discharges of Fig. 4.20 the central chord line-
averaged electron number density is !ie ~ 0.5 x 1013 cm 3 . A six waveguide
phased array antenna is used to launch the lower hybrid wave at a phase difference
between adjacent waveguides of !N = +90* and an incident lower hybrid power
level of PLH 15 kW. In the discharges of Fig. 4.21 the lower hybrid pulse length
is fixed at 3 msec and the delay time between the termination of the incident lower
hybrid wave pulse and the first observed intense burst of emission is plotted as
a function of the phase difference between adjacent waveguides AS The delay
time to instability is shown for two values of the toroidal current. The filled
circles denote Ip = 20kA and the open circles denote Ip = 32kA. The delay
time to instability is seen to be minimized when the incident lower hybrid waves
are launched along the direction of the electron anisotropy. At A4 = +90' the
magnitude of the lower hybrid wave sustained current is largest, and hence the
magnitude of the electric field transient at the termination of the lower hybrid
pulse is maximized. The zero-order electric field at Ip = 32 kA exceeds that for
Ip = 20kA. When the zero-order electric field is initially large, the delay time
to instability is correspondingly reduced (see Fig. 4.21).
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Fig. 4.20: Shown is the time delay between the termination of the incident lower
hybrid wave pulse and the first observed intense burst of emission.
The delay time to instability is plotted as a function of the incident
lower hybrid pulse length. The figure was obtained from the Ver-
sator II tokamak plasma at a central chord line-averaged electron
number density of fi ~ 0.5 x 1013cm- 3 . The incident lower hy-
brid waves are launched by a six waveguide phased array antenna
at a phase difference between adjacent waveguides zs = +900 and
at an incident power level PLH = 15kW. In these discharges, no
instabilities are observed prior to, or during, the lower hybrid wave
injection.
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Fig. 4.21: Shown is the delay time between the termination of the incident lower
hybrid wave pulse and the first observed intense burst of emission.
The delay time to instability is plotted as a function of the phase dif-
ference between adjacent waveguides L4 for two values of the toroidal
current. The filled circles denote Ip = 20 kA and the open circles
denote Ip = 32 kA. The figure was obtained from the Versator II
tokamak plasma at a central chord line-averaged electron number den-
sity of lie ~ 0.5 x 1013 cm- 3 . The incident lower hybrid waves are
launched by a six waveguide phased array antenna, at an incident
power level PLH = 15 kW, and at an incident lower hybrid pulse
length of 3 msec. In these discharges, no instabilities are observed
prior to, or during, the lower hybrid wave injection.
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Conversely, at high incident power levels and when the lower hybrid wave
supports a substantial fraction of the total current, the zero-order electric field
strength may be substantially reduced and electrons near the critical runaway ve-
locity may no longer be resonant with the incident lower hybrid wave VcT > c/N 11.
In such a case the flux of electrons into the runaway region may be restricted or may
even vanish. Thus in a discharge which is initially unstable to the Kadomtsev-
Parail-Pogutse instability, high power lower hybrid wave injection may reduce the
zero-order electric field strength, and may consequently increase the critical run-
away velocity, to such a degree that the instability ceases. Fig. 4.22 shows a
temporal history of the extraordinary mode polarized emission at the second har-
monic of the electron cyclotron frequency during high power lower hybrid wave
injection into a Versator II tokamak discharge. As indicated by the sharp increase
in the extraordinary mode polarized w = 2we emission intensity, the plasma is un-
stable to the Kadomtsev-Parail-Pogutse instability at t = 7.2 msec (see Fig. 4.22).
During the period 15.5 msec < t < 25.5 msec lower hybrid waves are incident on
the plasma at a power level PLH ~ 35kW. The lower hybrid waves are launched
by a six waveguide phased array antenna at a phase difference between adjacent
waveguides of ns = +90*. The tokamak discharge ends at t ~ 34.5msec. In-
tense periodic bursts of emission at w < wp, (not shown in Fig. 4.22) occur in
the period 7.2 msec < t < 15.5 msec prior to the lower hybrid wave injection, and
occur in the period 26.5msec < t < 34.5msec following the termination of the
lower hybrid wave pulse. During the lower hybrid wave injection the Kadomtsev-
Parail-Pogutse instability is not observed. The w = 2we emission intensity is
seen to decay during the lower hybrid wave injection with a time constant of
approximately 5msec corresponding to the phenomenological slowing down time
of high perpendicular energy electrons at the anomalous Doppler resonance (see
Fig. 4.22). During the lower hybrid wave injection, the w = 2we emission in-
tensity remains non-thermal Tad >> T as a consequence of the anisotropy in the
parallel electron momentum space distribution that is sustained by the incident
lower hybrid waves.
The temporal behavior of the Kadomtsev-Parail-Pogutse instability and of
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Fig. 4.22: Shown is a temporal history of (a) the extraordinary mode polar-
ized emission at the second harmonic of the electron cyclotron fre-
quency and (b) the incident lower hybrid wave power PLH during
high power lower hybrid wave injection into a low density Versator II
tokamak plasma. The w 2wce emission intensity in (a) is plotted
in units of the radiation temperature Trad. The lower hybrid waves
are launched by a six waveguide phased array antenna at a phase
difference between adjacent waveguides of A4 = +900. Intense pe-
riodic bursts of emission at w < w,, (not shown) occur in the period
7.2 msec < t < 15.5 msec prior to the lower hybrid wave injection, and
occur in the period 26.5msec < t < 34.5msec following the termina-
tion of the lower hybrid wave pulse. During the lower hybrid wave
injection the Kadomtsev-Parail-Pogutse instability is not observed.
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non-thermal extraordinary mode polarized electron cyclotron emission are now
examined during electron cyclotron resonance heating of the Versator II tokamak
plasma. Following this, the Kadomtsev-Parail-Pogutse instability and associated
non-thermal w = 2 we emission observed during simultaneous electron cyclotron
resonance heating and lower hybrid wave injection are described.
Fig. 4.23 shows the temporal history of the Kadomtsev-Parail-Pogutse insta-
bility during electron cyclotron resonance heating of a Versator II tokamak plasma
discharge at a line-averaged electron number density fi, = 0.8 x 1013 cm-3. The
electrostatic probe is connected directly to spectrum analyzer and a temporal his-
tory of the emission at w/27r = 500 MHz is shown. The value of 0dB in the probe
signal shown in Fig. 4.23 corresponds to the noise level of the commercial spectrum
analyzer and the emission is measured in units of dB above the instrumental noise.
Also shown in Fig. 4.23 are the temporal history of: the incident microwave power
PEC produced by the gyrotron at a frequency WEC/27r = 35.08 GHz; the toroidal
current Ip; the single-turn loop voltage VL; and the extraordinary mode polarized
electron cyclotron emission at w/27 = 71 GHz plotted in units of the radiation
temperature Tad. The zero-order magnetic field strength is adjusted to place
the we(R) /27r = 35.08 GHz resonance layer approximately on the magnetic axis
at R = Ro. The loop voltage signal shown in Fig. 4.23 includes both the resistive
loop voltage and inductive contributions to the loop voltage. The dotted lines
show the toroidal current, loop voltage, and w = 2wce emission intensity for a simi-
lar ohmically heated plasma in the absence of microwave power (PEC = 0). In the
ohmically heated plasma the Kadomtsev-Parail-Pogutse instability is not observed.
The reduction in loop voltage and increase in the toroidal current seen in Fig. 4.23
during the gyrotron pulse may represent a toroidal current sustained 2 1 ,275-286 by
the incident microwave power at the electron cyclotron frequency, or the changes
seen in these signals may result from an increase in the bulk electron temperature.
Typically however, substantial changes in the bulk electron temperature during
the electron cyclotron heating pulse are not observed. 3 0 3 '
During the electron cyclotron heating pulse of Fig. 4.23 the w = 2w,, emis-
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Fig. 4.23: Shown is a temporal history of the Kadomtsev-Parail-Pogutse insta-
bility during electron cyclotron resonance heating of a Versator II
tokamak plasma at a line-averaged electron number density ie =
0.8 x 1013cm-3. The electrostatic probe is connected directly to
the spectrum analyzer and a temporal history of the emission at
w/27r = 500MHz is shown. The value of 0 dB in the probe sig-
nal corresponds to the noise level of the commercial spectrum an-
alyzer and the emission is measured in units of dB above the in-
strumental noise. Also shown are the temporal history of: the
incident microwave power PEC produced by the gyrotron at a fre-
quency w/27r = 35.08 GHz; the toroidal current Ip; the single-turn
loop voltage VL; and the extraordinary mode polarized electron cy-
clotron emission at w/27r = 71 GHz plotted in units of the radiation
temperature Tad. The zero-order magnetic field strength is adjusted
to place the we(R) /27r = 35.08 GHz resonance layer approximately
on the magnetic axis at R = RO. The dotted lines show the temporal
behavior of the toroidal current, loop voltage, and w = 2 we emis-
sion intensity for a similar ohmically heated plasma in the absence
of microwave power (PEC = 0). In the ohmically heated plasma the
Kadomtsev-Parail-Pogutse instability is not observed.
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sion is seen to be very intense. In fact, in the time interval 3 msec < t < 8 msec
the output of the second harmonic electron cyclotron emission receiver has satu-
rated at a radiation temperature Trad > 5 keV. The second rise in the w = 2W,,
emission intensity that is seen to occur less than -250 gsec after the termination
of the electron cyclotron heating pulse (t ~ 8.5msec) is due to the onset of the
Kadomtsev-Parail-Pogutse instability [see also Fig. 4.14]. Beginning at this point
intense periodic bursts of emission are observed in the probe signal. As during
the lower hybrid wave injection of Fig. 4.14 the onset of the Kadomtsev-Parail-
Pogutse instability likely arises from the abrupt increase in the loop voltage and
zero-order electric field strength observed at the termination of the gyrotron pulse
(see Fig. 4.23).
It should be emphasized that the intense electron cyclotron emission seen in
Fig. 4.23 during the electron cyclotron heating pulse is not an instrumental effect
but represents emission generated by the plasma electrons. In the absence of
plasma and during high power microwave injection into an empty vacuum vessel,
no signals are observed in the microwave receiver output.
Fig. 4.24 shows the intensity of the extraordinary mode polarized emission at
the second harmonic of the electron cyclotron frequency measured during electron
cyclotron resonance heating and plotted as a function of the incident microwave
power PEC at the gyrotron frequency WEC/27r = 35.08 GHz. The emission in-
tensity at w/27r = 71 GHz is plotted in units of the radiation temperature Trad.
Fig. 4.24 is obtained from a series of Versator II tokamak discharges at a line-
averaged electron number density si = 0.6 x 101 cm- 3 . The zero-order magnetic
field strength is adjusted to place the wce(R) /27r = 35.08 GHz resonance layer ap-
proximately on the magnetic axis at R = RO. In these discharges the Kadomtsev-
Parail-Pogutse instability is observed to occur after the termination of the electron
cyclotron heating pulse (see Fig. 4.23). No instabilities are observed prior to, or
during, the electron cyclotron heating pulse. Although non-linear parametric
decay phenomena are observed at power levels PEC > 60 kW (see Fig. 3.7) the
w = 2wce emission intensity is seen to have a linear dependence on the incident
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power at the electron cyclotron frequency. In Fig. 4.24 the radiation temperature
of the ohmically heated plasma is Tad ~ 700 eV and the solid line in the figure rep-
resents an incremental heating rate of 14 eV/kW. At PEC = 110 kW, the highest
incident power seen in Fig. 4.24 and, indeed, close to the highest output power
available from the gyrotron, the perpendicular bulk electron temperature at the
plasma center measured by Thomson scattering 3 1 during the electron cyclotron
heating is Te ,b(P = 0) = (434 ± 76) eV. For comparison, in the ohmically heated
plasma the Thomson scattering31 measures Tes±(p = 0) = (400 ± 63) eV.
Thus the intense electron cyclotron emission observed during the electron
cyclotron heating pulse originates from non-thermal, high perpendicular energy
electrons. This emission may be generated by a thermal runaway287-288 of the
transverse electron energy. When the collisional slowing down time is long com-
pared to a rapid heating rate, the transverse energy of the resonant electrons may
be continuously accelerated. 2 11- 28 ' This increase in the transverse energy contin-
ues at the expense of the incident microwave power until such a time as the high
perpendicular energy electrons are lost from the plasma; lost either as a result of
unconfined banana trapped orbits, or as a result of mirror trapped electrons drift-
ing to the vacuum vessel walls. In fact, an enhanced population of banana trapped
electrons has been predicted 28 9to occur during high power electron cyclotron heat-
ing and may have been observed in experiments on the PDX tokamak. 39-' The
transfer of incident microwave power to the bulk electrons may be negligible if
the high perpendicular energy electrons are poorly confined. Transverse thermal
runaway of the resonant electrons may thus represent a substantial power loss.
A population of high transverse energy electrons can also be inferred from
the temporal behavior of the Kadomtsev-Parail-Pogutse instability during elec-
tron cyclotron resonance heating of an unstable plasma. Fig. 4.25 shows a
temporal history of the instability during electron cyclotron resonance heating
of a Versator 1I tokamak discharge at a line-averaged electron number density
ie = 0.3 x 1013 cm-3. The electrostatic probe is connected directly to the spec-
trum analyzer and a temporal history of the emission at w/27r = 500 MHz is
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Fig. 4.24: Shown is the intensity of extraordinary mode polarized emission at
w/27r = 71 GHz measured during electron cyclotron resonance heat-
ing and plotted as a function of the incident microwave power PEC
at the gyrotron frequency wEc/27r = 35.08 GHz. The emission
intensity at w = 2We is plotted in units of the radiation temper-
ature Trad. The data are obtained from a series of Versator II
tokamak discharges at a line-averaged electron number density ie =
0.6 x 1013 cm-3. The zero-order magnetic field strength is adjusted
to place the we(R) /27r = 35.08 GHz resonance layer approximately
on the magnetic axis R = RO. In these discharges the Kadomtsev-
Parail-Pogutse instability is observed to occur after the termination
of the electron cyclotron heating pulse. No instabilities are observed
prior to, or during, the electron cyclotron heating pulse.
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shown. The value of 0 dB in the probe signal of Fig. 4.25 corresponds to the
noise level of the commercial spectrum analyzer and the emission is measured in
units of dB above the instrumental noise. Also shown in Fig. 4.25 are a tem-
poral history of: the incident microwave power PEC that is generated by the
gyrotron at a frequency WEC/27r = 35.08 GHz; the toroidal current Ip; the single
turn loop voltage VL; the extraordinary mode polarized electron cyclotron emis-
sion at w/27r = 71 GHz plotted in units of the radiation temperature Trd; and
the hard X-ray emission measured by an uncollimated sodium iodide detector and
plotted in arbitrary units. The zero-order magnetic field strength is adjusted to
place the we(R) /27r = 35.08 GHz resonance layer approximately on the magnetic
axis at R = RO. The loop voltage signal shown in Fig. 4.25 includes both the
resistive loop voltage and inductive contributions to the loop voltage. The dot-
ted lines show the temporal behavior of the toroidal current, the loop voltage,
and the w = 2wce emission intensity in a similar ohmically heated plasma in the
absence of the electron cyclotron heating power (PEC = 0). In the ohmically
heated plasma no hard X-ray emission is observed (in these units) while the probe
detects continued intense bursts of emission at w/27r = 500 MHz. These bursts
are observed in the absence of electron cyclotron heating at an intensity of approx-
imately -5 dB and a repetition frequency of approximately 2 kHz. In the time
interval 11 msec < t < 17 msec and during the electron cyclotron resonance heat-
ing pulse, the Kadomtsev-Parail-Pogutse instability is not observed (see Fig. 4.25).
In Fig. 4.25 the output of the second harmonic electron cyclotron emission receiver
is seen to saturate during the electron cyclotron heating pulse (t > 11 msec) at a
radiation temperature Trad > 5keV.
The bursts of hard X-ray emission which occur in the time interval t >
17msec during the electron cyclotron heating pulse are due to the onset of the
Kadomtsev-Parail-Pogutse instability (see Fig. 4.25). The hard X-ray signal is
a measure of the slowing down of high transverse energy ripple-trapped electrons
that drift vertically to the vacuum vessel walls. That the bursts of hard X-ray
emission are not observed (in these units) in the ohmically heated plasma suggests
that the electron cyclotron heating produces an enhanced population of high trans-
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Fig. 4.25: Shown is a temporal history of the Kadomtsev-Parail-Pogutse insta-
bility during electron cyclotron resonance heating of a Versator H
tokamak discharge at a line-averaged electron number density ie =
0.3 x 1013cm- 3. The electrostatic probe is connected directly
to a spectrum analyzer and a temporal history of the emission at
w/27r = 500 MHz is shown. The value of 0 dB in the probe sig-
nal corresponds to the noise level of the commercial spectrum an-
alyzer and the emission is measured in units of dB above the in-
strumental noise. Also shown are a temporal history of: the inci-
dent microwave power PEC that is generated by the gyrotron at a
frequency WEC127r = 35.08 GHz; the toroidal current Ip; the sin-
gle turn loop voltage VL; the extraordinary mode polarized elec-
tron cyclotron emission at w/27r = 71 GHz plotted in units of the
radiation temperature Tad; and the hard X-ray emission measured
by an uncollimated sodium iodide detector and plotted in arbitrary
units. The zero-order magnetic field strength is adjusted to place the
wee(R) /27r = 35.08GHz resonance layer approximately on the mag-
netic axis at R = RO. The dotted lines show the temporal behavior
of the toroidal current, loop voltage, and w 2W e emission intensity
in a similar ohmically heated plasma in the absence of the electron
cyclotron heating power (PEC = 0). In the ohmically heated plasma
no hard X-ray emission is observed (in these units) while the probe
detects continued intense bursts of emission at w/27r = 500 MHz, at
an intensity of approximately -5 dB, and at repetition frequency of
approximately -2 kHz.
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verse energy electrons. Backward diffusion in parallel velocity space during the
Kadomtsev-Parail-Pogutse instability may then diffuse these high perpendicular
energy electrons into the ripple-trapped region.
Fig. 4.26 shows the temporal behavior of the extraordinary mode polar-
ized electron cyclotron emission during electron cyclotron resonance heating of
a Versator 11 tokamak plasma at a line-averaged electron number density of
K, = 0.2 x 101 3 cm-3. The electron cyclotron emission at w/27r = 71 GHz is
plotted in units of the radiation temperature Ta. Also shown in Fig. 4.26 are
the temporal behavior of: the incident microwave power PEC generated by the
gyrotron at the frequency WEC/27r = 35.08 GHz; the toroidal current Ip; the
single turn loop voltage VL; and the emission at w/2r = 500 MHz observed by
the electrostatic probe. The probe is connected directly to a spectrum analyzer
and the emission is plotted in units of dB above the noise level of the commer-
cial instrument. The zero-order magnetic field strength is adjusted to place the
Wce(R) /27r = 35.08 GHz resonance layer approximately on the magnetic axis at
R = Ro. The loop voltage signal shown in Fig. 4.26 includes both the resistive
loop voltage and inductive contributions to the loop voltage. The dotted lines
show the temporal behavior of the toroidal current, the loop voltage, and the
w = 2we emission intensity in a similar ohmically heated plasma in the absence of
the electron cyclotron heating power (PEC = 0). In the ohmically heated plasma
the probe detects continued bursts of emission at w/27r = 500 MHz at an intensity
of -15dB and a repetition frequency of -1.5kHz.
When the Kadomtsev-Parail-Pogutse instability occurs during the electron
cyclotron heating pulse a sharp decrease in the w = 2 we emission is observed (see
Fig. 4.26). This is in stark contrast to the behavior of the Kadomtsev-Parail-
Pogutse instability in the ohmically heated plasma (see, for example, Fig. 4.1)
where the intense bursts of emission at w < w, are seen to cause step-like increases
in the extraordinary mode polarized emission at w = 2we. This suggests that
the incident electron cyclotron wave power produces a population of high trans-
verse energy electrons vi >> Vthe possessing a large pitch angle v11 Vihe. At a
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Fig. 4.26: Shown is the temporal behavior of the extraordinary mode polar-
ized electron cyclotron emission during electron cyclotron resonance
heating of a Versator II tokamak plasma at a line-averaged electron
number density of ii = 0.2 x 1013 cm-3 . The electron cyclotron
emission at w/27r = 71 GHz is plotted in units of the radiation temper-
ature Trad. Also shown are the temporal behavior of: the incident
microwave power PEC generated by the gyrotron at the frequency
WEC/27r = 35.08 GHz; the toroidal current Ip; the single turn loop
voltage VL; and the emission at w/27r = 500 MHz observed by the
electrostatic probe. The probe is connected directly to a spectrum
analyzer and the emission is plotted in units of dB above the noise
level of the commercial instrument. The zero-order magnetic field
strength is adjusted to place the w,,(R) /27r = 35.08 GHz resonance
layer approximately on the magnetic axis at. R = RO. The dotted
lines show the temporal behavior of the toroidal current, the loop
voltage, and the w = 2w,, emission intensity in a similar ohmically
heated plasma in the absence of the electron cyclotron heating power
(PEC = 0). In the ohmically heated plasma the probe detects contin-
ued bursts of emission at w/27r = 500 MHz, at an intensity of -15 dB,
and a repetition frequency of ~1.5 kHz.
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large pitch angle these electrons are near the boundary in velocity space for ripple-
trapped particles vjj/v± <; (26-Bo/Bo) 1/2 During the Kadomtsev-Parail-Pogutse
instability, backward parallel diffusion in velocity space moves these electrons into
the ripple-trapped region where they subsequently VB drift to the vacuum vessel
walls. This loss of high perpendicular energy electrons drives the decreases in
the w = 2wce emission intensity, and the bursts of hard X-ray emission, seen in
Fig. 4.26. Conversely, in the ohmically heated plasma the Kadomtsev-Parail-
Pogutse instability drives an increase in the transverse energy v 1 > Vthe of elec-
trons at the anomalous Doppler resonance vi > Vth,. These electrons possess
only a moderate, but non-zero, pitch angle. Only a small fraction of these elec-
trons may be pushed into the ripple-trapped region by the backward parallel diffu-
sion in velocity space. Thus in the ohmically heated plasma the high perpendic-
ular energy electrons are well confined and step-like increases in the extraordinary
mode polarized emission at w = 2 we occur. Of course, the Kadomtsev-Parail-
Pogutse instability also causes pitch angle scattering at the anomalous Doppler
resonance even during the electron cyclotron heating. However the increase in
transverse energy at the anomalous Doppler resonance v 1 >> Vthe is overwhelmed
by the loss of the high perpendicular energy electrons near vj ~ Vthe. The net
loss of average transverse energy generates the decreases in the extraordinary mode
polarized second harmonic electron cyclotron emission intensity seen in Fig. 4.26.
Fig. 4.27 characterizes the temporal behavior of the Kadomtsev-Parail-
Pogutse instability during electron cyclotron resonance heating as a function of
the toroidal magnetic field strength Bo. The temporal behavior of the insta-
bility is characterized as shown in Fig. 4.15. The temporal behavior shown in
Fig. 4.27 is obtained from a series of Versator 11 tokamak discharges at a cen-
tral line-averaged electron number density of (a) fE, = 0.2 x 1013 cm- 3 and (b)
ii = 0.35 x 1013 cm~3 . During the electron cyclotron resonance heating pulse, the
gyrotron produces an incident microwave power of PEC = 50 kW, at a frequency of
WEC/27r = 35.08 GHz, and with a temporal pulse duration of 5 msec. The toroidal
magnetic field strength is evaluated at the magnetic axis B0 = BO(R = Ro)
where Ro = 40.5 cm. The magnetic field strength B 0 = 12.5 kG corresponds
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to an wce(R) /27r = 35.08 GHz resonance layer at approximately the magnetic axis
R = RO. The horizontal scale of Fig. 4.27 represents a shift in the WEC = Wce(R)
resonance layer of AR = ±8 cm where AR = R - RO.
For comparison, the temporal behavior of the Kadomtsev-Parail-Pogutse in-
stability in the ohmically heated Versator II tokamak plasma is shown in Fig. 4.28.
The data are plotted as a function of the toroidal magnetic field strength BO at a
central line-averaged electron number density of (a) iE = 0.2 x 1013 cm- 3 and (b)
ii = 0.35 x 10 13 cm-3 Fig. 4.27 and Fig. 4.28 are obtained from the same series
of Versator II discharges. Fig. 4.28 characterizes the ohmically heated portion of
the tokamak discharge in the 2.5 msec interval immediately preceding the electron
cyclotron heating pulse of Fig. 4.27. Because the ohmically heated portion of the
plasma is studied, the Time to 1st Event (see Fig. 4.15) is omitted from Fig. 4.28.
The data of Fig. 4.27 and Fig. 4.28 confirm that the anisotropic electrons
are located at the plasma center. At near-perpendicular incidence (k1 ~ 0),
the resonance condition [see Eq. (4.6)] between the incident microwave power at
wEC/27r = 35.08 GHz and the anisotropic electrons at the plasma center R = Ro
can be written,
WEC = Wce(Ro) /. (4.64)
At WEC > We(Ro), corresponding to values of the toroidal magnetic field strength
BO < 12.5 kG, the anisotropic electrons at R = R0 are non-resonant with the
incident wave power for any value of -y > 1. At BO < 12.5kG and during the
electron cyclotron heating pulse, the Kadomtsev-Parail-Pogutse instability is seen
to be little altered from its ohmic value (see Fig. 4.27 and Fig. 4.28). This
suggests that the anisotropic electrons which generate the unstable waves are
themselves localized to the plasma center at R = Ro (p ~ 0). Conversely for
WEC > Wce(Ro), corresponding to values of the magnetic field strength Bo >
12.5 kG, the anisotropic electrons at R = RO are resonant with the incident wave
for some value of -y 1 [see Eq. (4.64)]. At BL > 12.5kG the cyclotron damping
of the incident wave power by the anisotropic electrons is seen to strongly affect
the behavior of the Kadomtsev-Parail-Pogutse instability (compare Fig. 4.27 and
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Fig. 4.27: The temporal behavior of the Kadomtsev-Parail-Pogutse instability
during electron cyclotron resonance heating is characterized as a
function of the toroidal magnetic field strength B 0 (see Fig. 4.15).
The figure is obtained from a series of Versator II tokamak dis-
charges at a central line-averaged electron number density of (a)
We = 0.2 x 1013 cm~ 3 and (b) i, = 0.35 x 10 1 3 cm-3. The gyrotron
produces an incident microwave power of PEC = 50 kW at a frequency
of WEC/27r = 35.08 GHz, and with a temporal pulse duration of
5 msec. The toroidal magnetic field strength is evaluated at the mag-
netic axis B0 = BO(R = RO) where Ro = 40.5cm. A magnetic field
strength of B 0 ~ 12.5 kG corresponds to an we(R) /27r = 35.08 GHz
resonance layer at approximately the magnetic axis R = Ro.
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Fig. 4.28: The temporal behavior of the Kadomtsev-Parail-Pogutse instability
in a 2.5 msec interval of the ohmically heated plasma is characterized
as a function of the toroidal magnetic field strength BO (see Fig. 4.15).
The figure is obtained from a series of Versator II tokamak discharges
at a central line-averaged electron number density of (a) i = 0.2 x
1013 cm- 3 and (b) tie = 0.35 x 1013 cm-3. The toroidal magnetic
field strength is evaluated at the magnetic axis BO = BO(R = RO)
where RO = 40.5 cm.
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Fig. 4.28). Indeed, at values of the magnetic field strength BO >13 kG and during
the electron cyclotron heating pulse, the Kadomtsev-Parail-Pogutse instability is
not observed (see Fig. 4.27). This stabilization effect is more pronounced at
larger values of the electron number density where the absorption of the incident
wave power at the electron cyclotron frequency is predicted to be largest [compare
Fig. 4.27(a) and Fig. 4.27(b)].
For example at a magnetic field strength BO = 11.75kG the Kadomtsev-
Parail-Pogutse instability is observed to be little affected by the incident mi-
crowave power at WEC/27r = 35.08 GHz (compare Fig. 4.27 and Fig. 4.28). At
BO = 11.75kG the wEc = wce(R) resonance layer (-I = 1) is located at the major
radius R = 38cm or equivalently R - RO = 2.5cm. Thus the anisotropic elec-
trons are inferred to be narrowly confined to the plasma center at p/a < 0.2 in
agreement with the measured spatial profile of hard X-ray plasma bremsstrahlung
emission.1
8 4 1 86
Fig. 4.29 shows the temporal history of the Kadomtsev-Parail-Pogutse in-
stability and extraordinary mode polarized electron cyclotron emission for a Ver-
sator II tokamak plasma at a central chord line-averaged electron number density
j, = 0.2 x 1013cm~ 3 . In Fig. 4.29 the temporal history is shown for both (a)
the ohmically heated plasma and (b) during lower hybrid wave injection into a
subsequent and nearly identical discharge. In the discharge of Fig. 4.29(b) a four
waveguide phased array antenna is used to launch the lower hybrid wave at a phase
difference between adjacent waveguides LO = +90'. The electrostatic probe is
connected directly to a spectrum analyzer and the emission at w/27r = 500MHz
is plotted in units of dB above the noise level of the commercial instrument. The
w = 2 Wce emission intensity is plotted in units of the radiation temperature Td..
Also shown in Fig. 4.29 are the temporal history of: the incident lower hybrid
wave power PLH at a frequency of w/27r = 800 MHz, the single turn loop volt-
age VL, and the toroidal current Ip. The loop voltage signal shown in Fig. 4.29
includes both the resistive loop voltage and inductive contributions to the loop
voltage. The dashed curve in Fig. 4.29(b) shows the toroidal current in the
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ohmically heated plasma.
At a constant value of the incident lower hybrid wave power PLH,
the wavenumber spectrum NIiLH launched by the six waveguide antenna is
observed 2 5 4-2 5 to sustain a larger fraction of the toroidal current than the
wavenumber spectrum NIJLH launched by the four waveguide antenna. Thus for
the six waveguide antenna PLH = 35kW is sufficient to sustain a large fraction
of the toroidal current (see Fig. 4.22). However, because of the reduced current
drive efficiency of the four waveguide antenna, the power level PLH = 50 kW shown
in Fig. 4.29(b) supports only a moderate fraction of the toroidal current. Here
the zero-order electric field is non-vanishing and the Kadomtsev-Parail-Pogutse
instability is observed during the lower hybrid wave injection.
Earlier it was shown that the incident lower hybrid waves may sustain and
even increase the flow of electrons into the runaway region v11 ; v,. (see Fig. 4.20).
Another example of this effect is shown in the loop voltage signal of Fig. 4.29(b).
During the lower hybrid wave injection, the Kadomtsev-Parail-Pogutse instability
is seen to cause a large positive increase in the loop voltage signal. In Section 4.3.2
it was shown that a positive loop voltage transient /VL > 0 is generated during
the Kadomtsev-Parail-Pogutse instability when the anisotropic electrons support
a large fraction of the toroidal current [see Eq. (4.50)]. The backward parallel
diffusion in velocity space occurring during the instability diffuses the relatively
collisionless high parallel velocity electrons to lower values of v11. Because of the
V13 dependence of the collision frequency shown in Eq. (4.1), a substantial in-
crease in the plasma resistivity results. Such an increase in the plasma resistivity
generates the transient increases seen on the loop voltage signal [see Fig. 4.29(b)].
Conversely, in the ohmically heated plasma the intense bursts of emission are as-
sociated with transient decreases in the loop voltage signal AVL < 0. These
decreases in the loop voltage occur when the fraction of the toroidal current sus-
tained by the anisotropic electrons is small and the decrease in the plasma internal
inductance during the Kadomtsev-Parail-Pogutse instability dominates over the
increase in the plasma resistivity. Thus in Fig. 4.29(b) a substantial increase in
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Fig. 4.29: Shown is the temporal history of the Kadomtsev-Parail-Pogutse insta-
bility and extraordinary mode polarized electron cyclotron emission
for a Versator II tokamak plasma at a line-averaged electron num-
ber density fi = 0.2 x 101 3 cm-3. The temporal history is shown
for both (a) the ohmically heated plasma and (b) during lower hy-
brid wave injection into a subsequent and nearly identical discharge.
In (b) a four waveguide phased array antenna is used to launch the
lower hybrid wave at a phase difference between adjacent waveguides
LO = +900. The electrostatic probe is connected directly to a spec-
trum analyzer. The emission at w/27r = 500 MHz is monitored and
the probe signal is plotted in units of dB above the noise level of the
instrument. The w = 2 wee emission intensity is plotted in units of
the radiation temperature Tad. Also shown are the temporal his-
tory of: the incident lower hybrid wave power PLH at a frequency
of w/22r = 800 MHz, the single turn loop voltage VL, and the toroidal
current Ip. The dashed curve in (b) shows the toroidal current in
the ohmically heated plasma.
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the number density of anisotropic electrons during the lower hybrid wave injection
is inferred. From Eq. (4.50) and from the observed magnitude of the positive loop
voltage transient during the lower hybrid wave injection, the amount of toroidal
current carried by the anisotropic electrons can be estimated. Using AVL =0.3 V,
VL = 1.0 V, and Ip = 47kA, the tail current is found to be Ipt = 14kA corre-
sponding to a fractional toroidal current carried by the anisotropic electrons of
IP't/IP ~ 30%.
Fig. 4.30 shows the temporal history of the Kadomtsev-Parail-Pogutse insta-
bility for a Versator II tokamak plasma at a central chord line-averaged electron
number density i, = 0.2 x 1013 cm- 3 . In Fig. 4.30 the temporal history is shown
(a) during electron cyclotron resonance heating and (b) during simultaneous elec-
tron cyclotron resonance heating and lower hybrid wave injection into a subsequent
and nearly identical discharge. The electrostatic probe is connected directly to
a spectrum analyzer and the emission at w/27r = 500 MHz is plotted in units of
dB above the noise level of the commercial instrument. Also shown in Fig. 4.30
are the temporal histories of: the incident microwave power PEC generated by
the gyrotron at a frequency wEC/27r 35.08 GHz, the incident lower hybrid wave
power PLH at a frequency of w/2r = 800MHz, the single turn loop voltage VL,
and the toroidal current Ip. In the discharge of Fig. 4.30(b) a four waveguide
phased array antenna is used to launch the lower hybrid wave at a phase difference
between adjacent waveguides AO = +90*. The zero-order magnetic field strength
is adjusted to place the we(R) /27r = 35.08 GHz resonance layer approximately on
the magnetic axis at R = RO. The loop voltage signal shown in Fig. 4.30 includes
both the resistive loop voltage and inductive contributions to the loop voltage.
The dashed curve in Fig. 4.30(b) shows the toroidal current in the absence of
lower hybrid wave injection.
The data of Fig. 4.25 and Fig. 4.27 suggest that at B ~ 12.5 kG and for large
incident microwave power levels, the Kadomtsev-Parail-Pogutse instability may
be stabilized during high power electron cyclotron resonance heating. Indeed in
Fig. 4.30 the Kadomtsev-Parail-Pogutse is not observed during electron cyclotron
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Fig. 4.30: Shown is a temporal history of the Kadomtsev-Parail-Pogutse in-
stability for a Versator 11 tokamak plasma at a central chord line-
averaged electron number density ie = 0.2 x 1013 cm- 3 . The tem-
poral history is shown (a) during electron cyclotron resonance heating
and (b) during simultaneous electron cyclotron resonance heating and
lower hybrid wave injection into a subsequent and nearly identical dis-
charge. The electrostatic probe is connected directly to a spectrum
analyzer. The emission at w/27r = 500MHz is monitored and the
probe signal is plotted in units of dB above the noise level of the com-
mercial instrument. Also shown are the temporal histories of: the
incident microwave power PEC generated by the gyrotron at a fre-
quency WEC/27r = 35.08 GHz, the incident lower hybrid wave power
PLH at a frequency of w/27r = 800 MHz, the single turn loop voltage
VL, and the toroidal current Ip. A four waveguide phased array an-
tenna is used to launch the lower hybrid wave at a phase difference
between adjacent waveguides Z3O = +90'. The zero-order magnetic
field strength is adjusted to place the we(R) /27r = 35.08GHz res-
onance layer approximately on the magnetic axis at R = RO. The
dashed curve in (b) shows the toroidal current in the absence of lower
hybrid wave injection.
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heating at PEC = 100kW.
When the Kadomtsev-Parail-Pogutse instability occurs during the lower hy-
brid wave injection the consequent sharp increase in the plasma resistivity causes
a sudden decrease in the rate of current rise aIp/.(t [see Fig. 4.29(b)]. It has been
suggested 255 that the amount of toroidal current sustained by the incident lower
hybrid waves is thus limited by the Kadomtsev-Parail-Pogutse instability. Per-
haps then, when the Kadomtsev-Parail-Pogutse instability is stabilized by simul-
taneous high power electron cyclotron resonance heating, the amount of toroidal
current sustained by the incident lower hybrid waves may be increased. However,
the incremental current increase and incremental loop voltage decrease observed
during simultaneous electron cyclotron resonance heating and lower hybrid wave
injection is not large [compare Fig. 4.30(a) and Fig. 4.30(b)]. Certainly the incre-
mental current increase and incremental loop voltage decrease of Fig. 4.30(b) does
not differ substantially from the time-averaged incremental current increase and
time-averaged incremental loop voltage decrease observed when the Kadomtsev--
Parail-Pogutse instability occurs in the absence of electron cyclotron heating [see
Fig. 4.29(b)]. Thermal runaway of the transverse energy of the current carry-
ing electrons may occur if electrons resonant with the incident lower hybrid wave
ol = c/NINLH are simultaneously resonant with the incident power at the electron
cyclotron frequency vl = (WEC - we/ly) /kl where WEC/ 27r = 35.08 GHz and k1l
is determined by the transmitting antenna. For example, thermal runaway of the
transverse electron energy during electron cyclotron resonance heating may diffuse
current carrying electrons into trapped electron orbits. Such trapped electrons
can contribute to an increase in the plasma resistivity even in the absence of the
Kadomtsev-Parail-Pogutse instability.
Fig. 4.31 characterizes the temporal behavior of the Kadomtsev-Parail-
Pogutse instability as a function of the toroidal magnetic field strength BO during
(a) lower hybrid wave injection and (b) during simultaneous electron cyclotron
resonance heating and lower hybrid wave injection. The figure is obtained from a
series of Versator 11 tokamak discharges at a central line-averaged electron number
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density fiE = 0.3 x 10 3 cm- 3 . The temporal behavior of the Kadomtsev-Parail-
Pogutse instability is characterized as shown in Fig. 4.15. The incident lower
hybrid waves at a frequency of 800 MHz are launched by a four waveguide phased
array antenna at a phase difference between adjacent waveguides Aq = +90'.
Fig. 4.31 is obtained at an incident lower hybrid wave power PLH = 20kW and
at a temporal pulse duration of 5.5msec. In Fig. 4.31(b) the gyrotron simulta-
neously produces an incident microwave power PEC = 50kW at a frequency of
JEC/27r = 35.08 GHz. The toroidal magnetic field strength is evaluated at the
magnetic axis BO = Bo(R = Ro) and the magnetic field strength BO = 12.5kG
corresponds to an we(R) /27r = 35.08 GHz resonance layer at R = Ro. The hori-
zontal scale of Fig. 4.31 represents a shift in the WEC = Wce(R) resonance layer of
z R = ±8cm where AR = R - Ro.
From Fig. 4.31 it is seen that the anisotropic electrons are narrowly localized
to the plasma center even during the lower hybrid wave injection (see also Fig. 4.27
and Fig. 4.28). At WEC > we(Ro), corresponding to values of the toroidal mag-
netic field strength Bo < 12.5kG, the anisotropic electrons at R = RO are non-
resonant with the incident wave power for any value of --y 1 [see Eq. (4.64)]. At
BO < 12.5 kG and during the electron cyclotron heating pulse, the Kadomtsev-
Parail-Pogutse instability is seen to be little affected by the electron cyclotron heat-
ing [compare Fig. 4.31(a) and Fig. 4.31(b)]. This suggests that the anisotropic
electrons which generate the unstable waves are themselves localized to the plasma
center at R = RO (p ~ 0). Conversely for WEC' > w ce(Ro), corresponding to values
of the magnetic field strength BO 12.5 kG, the anisotropic electrons at R = RO
are resonant with the incident wave for some value of Y > 1 [see Eq. (4.64)]. At
Bn > 12.5 kG the cyclotron damping of the incident wave power by the anisotropic
electrons is seen to strongly affect the behavior of the Kadomtsev-Parail-Pogutse
instability. Indeed, at values of the magnetic field strength BO > 12.5kG and
during the electron cyclotron heating pulse, the Kadomtsev-Parail-Pogutse is not
observed. Thus the anisotropic electrons are inferred to be narrowly confined to
the plasma center at p/a < 0.2 even during the lower hybrid wave injection; in
agreement with the measured spatial profile of hard X-ray plasma bremsstrahlung
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Fig. 4.31: The temporal behavior of the Kadomtsev-Parail-Pogutse instability
is characterized (see Fig. 4.15) as a function of the toroidal mag-
netic field strength Bo during (a) lower hybrid wave injection and (b)
during simultaneous electron cyclotron resonance heating and lower
hybrid wave injection. The figure is obtained from a series of Ver-
sator II tokamak discharges at a line-averaged electron number den-
sity ii = 0.3 x 1013 cm-3. The incident lower hybrid waves at a fre-
quency of 800 MHz are launched by a four waveguide phased array an-
tenna at a phase difference between adjacent waveguides AO = +900,
at an incident lower hybrid wave power PLH = 20kW, and at a
temporal pulse duration of 5.5msec. In (b) the gyrotron simul-
taneously produces an incident microwave power PEC = 50kW at
a frequency of wEC/27r = 35.08 GHz. The toroidal magnetic field
strength is evaluated at the magnetic axis Bo = Bo(R = RO) where
RO = 40.5 cm. A magnetic field strength of BO ~ 12.5 kG corre-
sponds to an w,,(R) /27r = 35.08 GHz resonance layer at approxi-
mately the magnetic axis R = RO.
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4.4 Conclusions Drawn From Studies of Phenomena in Non-Thermal
Plasma
In conclusion, observations of strongly non-thermal electron cyclotron
emission and observations of the Kadomtsev-Parail-Pogutse instability are
reported 245- 246 from low density Versator II tokamak plasma. When the zero-
order electron distribution is non-thermal, it is shown that the contribution by
the anisotropic electrons to the extraordinary mode polarized electron cyclotron
emission intensity can be substantial; even when the fractional absorption by the
tail electrons of an incident wave of the same frequency can be neglected. When
the zero-order electron distribution function is modeled as a sum of an isotropic
bulk electron distribution and a hot (Te,t > Te,b) diffuse (ne,, < ne,b) anisotropic
tail electron distribution, when the fractional number density of the anisotropic
electrons is on the order of a few percent, and when the spatial profile and aver-
age transverse energy of the anisotropic electrons are chosen to be consistent with
observations of the X-ray plasma bremsstrahlung emission, 184- 18 5 theoretical esti-
mates of the radiation temperature are in reasonable agreement with the observed
value of Tad - 3keV. For comparison, the radiation temperature predicted on
the basis of the bulk electron temperature and number density alone is more than
an order of magnitude less than the experimentally measured value.
For low density Versator II tokamak plasma, the strongly anisotropic elec-
tron distribution is observed to be unstable to the Kadomtsev-Parail-Pogutse in-
stability. A host of associated macroscopic phenomena are observed,25246 such
as: periodic step-like increases in the intensity of extraordinary mode polarized
emission at the second harmonic of the electron cyclotron frequency, and periodic
bursts of X-ray plasma bremsstrahlung emission, that are generated by pitch an-
gle scattering of the high energy anisotropic electrons; periodic transients on the
single-turn loop voltage signal that represent rapid changes in the plasma internal
inductance and/or plasma resistance; and periodic bursts of X-ray emission gener-
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ated by high energy ripple trapped electrons incident on the vacuum vessel walls.
Such phenomena are observed to occur approximately coincident with intense pe-
riodic bursts of emission observed on the signal from an electrostatic probe. The
origin of these phenomena in the context of the Kadomtsev-Parail-Pogutse insta-
bility model has been discussed.
Emission measurements are reported from low density Versator II tokamak
plasma in the frequency range below the electron plasma frequency. The spec-
tral range studied 100 Mhz < w/2r < 12.4 GHz covers more than seven octaves
and represents the largest continuous spectral range studied to date. A steady
state level of background emission is observed on the probe signal throughout the
spectral range studied. The radiation temperature of this steady state emission
is estimated to be on the order of the bulk electron temperature at the plasma
center. The intense bursts of emission are observed as a rapid increase in the
emission intensity to several orders in magnitude above the steady state emis-
sion level. At w > wpi the measured frequency spectrum of the intense bursts
of emission is in reasonable agreement with the wave growth predicted by the
Kadomtsev-Parail-Pogutse instability model when the steady state emission is as-
sumed to represent the initial wave amplitude, and when plasma inhomogeneities
are properly accounted for. The intense bursts of emission at we > w > Wp thus
represent unstable waves that are resonant with the anisotropic electrons at both
the Cerenkov resonance and the anomalous Doppler resonance, simultaneously.
Emission measurements are also reported during low power lower hybrid
wave injection into low density Versator II tokamak plasma. The observed, shifted
frequency spectra of the intense bursts of emission is consistent with a Kadomtsev-
Parail-Pogutse instability model in which those changes to the zero-order electron
distribution induced by the incident lower hybrid wave power are included. The
model is consistent with a damping of the incident lower hybrid waves on the
anisotropic tail of the electron distribution.
The Kadomtsev-Parail-Pogutse instability can be expected to occur in those
low density plasma where a zero-order electric field creates and sustains a sub-
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stantial anisotropy in the electron distribution function . Such an electric field
may be externally imposed, or may be generated by an induced increase in the
plasma resistance at the termination of an externally supplied current; such as at
the termination of the lower hybrid wave sustained current. A zero-order electric
field can also be generated when the toroidal current is increased by an external
source, such as during lower hybrid wave current ramp-up experiments. For low
density plasma in the Versator II tokamak, the Kadomtsev-Parail-Pogutse insta-
bility is observed at only a moderate value of the zero-order electric field strength
EO/E:, ~ 0(10-1).
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